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SUMMARY

Synthetic biology is a highly interdisciplinary field of research, combining modern cell biology
with engineering and computer sciences. The synergistic view on biological systems allowed
scientists to identify, characterize and reconstruct single components and linear signaling
pathways, as well as their conjunction to complex signaling networks. Further the substitution
and rearrangement of known building-blocks generated highly novel and quantitatively
described approaches and tools. Plant signaling in particular holds a high degree of
interconnectivity with many shared or redundant components, impeding the extensive
implementation of synthetic switches or circuits in planta. With the overall aim of generating
approaches for monitoring, quantifying and controlling signaling processes, this work
describes the development and characterization of diverse synthetic biology tools for
application in (orthogonal) mammalian or plant systems.

The collaborative implementation of mammalian-hybrid and (quantitative) microscopy
approaches allowed the generation of a toolbox for synthetic reconstitution of plant signaling
in the orthogonal system of mammalian cells. We demonstrated the applicability of our
designed approaches, ranging from the perception of the phytohormone gibberellin to
deciphering the order of interaction events during formation of the perception complex. Further,
selected processes downstream of the GA-perception were quantitatively analyzed for the
reconstitution of promoter binding affinities of transcription factors, while the influence of
secondary components on their transactivation capability was successfully demonstrated.
Besides GA perception, the developed tools were applied for the quantitative description of
phytochrome-PIF interactions and their dependence on red light. Moreover, microscopic
studies revealed possible novel PIF-mediated nuclear transport mechanisms of phytochromes.
For manipulation or control of signaling processes in mammalian and plant cells, we
constructed and characterized novel optogenetic tools. While we engineered a blue light-
dependent switch for downregulation of exo- and endogenous mRNA levels by expression of
the RNA-cleaving CRISPR/Cas13b in different mammalian cells lines, a UV-B activated switch
for gene expression in A. thaliana mesophyll protoplasts was developed for expanding the, to
date, short list of optogenetic tools in plant systems.

This work not only underlines the potential of synthetic biological approaches for deciphering
signaling networks and their components, but also indicates their power of opening up a
plurality of new perspectives on the design and implementation of novel tools for supporting or

upgrading traditional methods.



Introduction

1 Introduction

Living cells are highly dynamic systems (Lim, 2010). Their fundamental characteristic is the
ability to perceive, process and respond to their environment (illustrated in Figure 1.1), in order
to fulfill essential physiological functions or to simply survive (Kiel et al., 2010; Lim, 2010;
Andres et al., 2019). For the integration of external stimuli, internal molecular signaling
networks have evolved, generating changes in gene expression and phenotypic alterations.
They underlie a highly spatiotemporal coordination between tissues, cells or even within
subcellular compartments (Lim, 2010; Andres et al., 2019). Since signaling is the basis of
cellular proliferation, differentiation, migration and stimulation, while defects in these
communication cascades can lead to diseases of the organism, the deciphering of signaling

pathways is indispensable for many biological fields (Lai, 2004; Vu et al., 2017).
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Figure 1.1: Stages of signaling in eukaryotic cells. Living cells are part of highly complex signaling networks. In this connection,
cells send and receive a multiplicity of diverse signals. At first signaling molecules from a signaling cell are transported to a target
cell and perceived by specific receptors located at the cell surface. Perceived signals are processed and converted to be able to
alter the gene expression for enabling a cellular response to the respective signal.

1.1 Plant Signaling

Complexity and synergy of plant signaling networks distribute the needed robustness for
responding and adapting to the multiplicity of biotic and abiotic parameters in their sessile life
cycle (Casal et al., 2004). Since they are in steady need for integrating these environmental
cues in their growth behavior and developmental processes, they have developed a network
of highly intertwined signaling pathways. The enormous degree of interaction and feedback
between them, as well as a vast level of redundancy of components, fine-tunes their responses
with the higher outcome of increased robustness to their surroundings (Koornneef and
Pieterse, 2008; Depuydt and Hardtke, 2011; Vanstraelen and Benkova, 2012). From the
scientific perspective, this interconnection and complexity led to focus on single signals or

linear pathways (Sheen, 2010) and impedes our recent understanding of signal perception,
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processing and transduction (Samodelov and Zurbriggen, 2017) as well as their analysis in
plants (unknown interactions, number of components, lack of tools and techniques for

quantitative in vivo monitoring).

1.1.1 Phytohormones

Plant hormones are typically small, structurally unrelated molecules, conjointly regulating
every facet of the plant lifecycle, such as seed germination (Gazzarrini et al., 2015), vegetative
growth, flowering (Bernier and Périlleux, 2005), development (Santner et al., 2009; Depuydt
and Hardtke, 2011), and responses to their biotic and abiotic environment (Verma et al., 2016).
Their activity is strictly regulated at the level of biosynthesis, metabolism and distribution, as
well as by the efficiency of its perception and signal transduction, resulting in usually very low
concentrations all over the plant with variation between different tissues or developmental
stages (Santner et al., 2009; Vanstraelen and Benkova, 2012). Adaptation to changes in the
plant's environment are often highly connected to changes in plant hormone levels and
localization, promoting major adjustments of their transcriptional activity (Santner et al., 2009;
Locascio et al., 2013). Modulation in their abundance not only influences its specific pathway,
but phytohormone dependent or independent signaling chains, creating a highly connected
signaling network (Vanstraelen and Benkova, 2012). Research over the last decades helped
identifying numerous classes of phytohormones, known as abscisic acid (ABA), auxins (e.g.
IAA), brassinosteroids (BRs), cytokinins (CKs), ethylene (ET), gibberellins (GAs), jasmonates
(JAs), nitric oxide (NO), salicylic acid (SA) and strigolactones (SLs). Furthermore, knowledge
about the processes of phytohormone biosynthesis, the hormone perceiving receptors, as well
as their interaction with positive and negative regulator proteins was imparted (Santner et al.,
2009). These new findings revealed a similar mechanism of hormone perception and signal
transduction between auxins, jasmonates, gibberellins and strigolactones. Recognition of the
hormone subsequently triggers binding to transcriptional regulator proteins, inducing its
proteasomal degradation and finally the de-repression of the hormone response (Santner et
al., 2009). If present, the phytohormone binds either directly to an F-box protein/receptor or an
additional co-receptor, which subsequently leads to a complex-formation with the respective
downstream response regulator. Auxins and jasmonates are perceived over a two-component
perception complex (F-box and regulator protein), with the F-box protein functioning as the
receptor, while in case of gibberellins and strigolactones, the hormone is perceived over a co-
receptor, creating a three-component perception complex (F-box, co-receptor and regulator
protein). Interaction with the F-box protein initiates binding to the highly conserved Skp
(Arabidopsis SKP1-related (ASK1))-1-Cullin-F-box (SCF) E3 ubiquitin ligase complex, which
mediates ubiquitination of the regulator proteins and finally leads to degradation by the 26S

proteasome (Vierstra, 2009; Figure 1.2).
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The degraded regulator proteins no longer influence other regulators or transcription factors,
initiating the de-repression of downstream signaling events, highly depending on the hormone

concentration (Daviere and Achard, 2013).

Proteasomal
degradation

U
U
U
Regulator ()

Figure 1.2: Scheme of phytohormone perception machinery and regulator-protein degradation mechanisms in
Arabidopsis thaliana. The direct phytohormone binding to an F-Box protein of the proteasomal degradation machinery (auxins,
jasmonates) or the hormone-triggered association of Co-receptors and F-Box-proteins (strigolactones, gibberellins) generates a
higher binding affinity of the SCF E3 ubiquitin ligase complex to a negative regulator protein, inducing polyubiquitination of the
regulator, and its subsequent proteasomal degradation (adapted from Samodelov et al., 2016).

1.1.1.1 Gibberellins

Bioactive Gibberellins (GAs) are a class of diterpene phytohormones, responsible for the
regulation of a multiplicity of developmental processes like seed germination and plant growth,
including leaf expansion and stem elongation (Yamaguchi, 2008; Daviere and Achard, 2013).
They are not only present in plants, but are also found in fungi and bacteria, originally described
in 1938 in the fungal rice pathogen Gibberella fujikuroi (Yabuta and Sumiki, 1938). An increase
in wheat and rice yield during the so-called “green revolution” in the 1960s, can be retraced to
the introduction of dwarfing traits into plants (Hedden, 2003). The newly cultured plants
increased biomass production and possessed an increased resistance to changing weather
conditions (Gale and Youssefian, 1985; Evans, 1996). Later identified to impair the
effectiveness of GAs, the dwarfing traits were generated by a mutation in the wheat REDUCED
HIGHT (Rht) gene. Rht encodes for a growth repressor, usually suppressed by GAs, which is
an ortholog to one of the Arabidopsis thaliana regulators of GA response (Peng et al., 1999).

Until now, more than 130 GAs, with only a small number of bioactive forms, have been

identified. The large number of non-bioactive GAs is ascribable to most of them being
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precursors of the bioactive variants, as well as deactivated metabolites. In A. thaliana, the
major bioactive GAs are GA4, GAsz, GA4 and GA;. Even though GA and GA4 have been found
in a multiplicity of species, assuming them to be comprehensively spread, GAs is supposed to
be the major bioactive GA variant (Yamaguchi, 2008; Hedden and Thomas, 2012).

GA12 is the common precursor of all bioactive GAs in plants. Originated from the common Cy
precursor trans-geranylgernyldiphosphate (GGDP), synthesis of bioactive GAs involves three
different classes of enzymes, with the final step of 3-B-hydroxylation of the GA-precursors.
Through further processing by different oxidases, GA1. is converted into GAg or GAzo. 3-B-
hydroxylation of both by oxidation of their C-3 via the GA3-oxidase (GA3ox) converts GAg and
GAyinto bioactive GAs and GA+, respectively. Like the mentioned bioactive GAs, GAs and GA;
are likewise biosynthesized from GAzo and GAg, but with an intermediate step. For generation
of GAs, GAy is turned into GAs, before 3-B-hydroxylation converts it into GAs (Appleford et al.,
2006; Yamaguchi, 2008; Hedden and Thomas, 2012). GA; is biosynthesized via GAg through
its conversion to 2,3-Dihydro-GA9 and subsequent 3-f-hydroxylation (Farrow and Facchini,
2014). Deactivation of active GAs via 2-B-hydroxylation by GA2-oxidases (GA20x) is the major
catabolic pathway of GAs. This process is highly regulated, enabling the plant to rapidly react
to changes in the environment, with adjusting its GA content (Thomas et al., 1999; Appleford
et al., 2006).

The already described mechanism of phytohormone signal transduction via targeting
transcriptional regulators for proteasome-dependent degradation can also be observed for
gibberellins, which are perceived via a three-component perception-complex: Upon GA-
perception through the specific receptors GID1a ,b and ¢ (GIBBERELLIN INSENSITIVE
DWARF1), these receptors undergo a conformational change, enabling the interaction with
DELLA regulator-proteins (Sun and Gubler, 2004; Griffiths et al., 2006; Murase et al., 2008).
This interaction is followed by a higher affinity of the DELLA-specific F-Box protein SLY1
(SLEEPY1) of the SCF E3 ubiquitin ligase complex to GA-GID-DELLA, targeting them for
degradation by the 26S proteasome (McGinnis et al., 2003; Ariizumi et al., 2008; Murase et
al., 2008; Ariizumi et al., 2011). Analysis of the crystal structure of the GA-induced GA-GID-
DELLA complex deepened the understanding of the mechanism behind the complex
formation. GA binds to a specific pocket on GID1. The C3-hydroxyl group of the GA becomes
hydrogen binds to Tyr31 of the GID1, inducing a conformational change of the flexible N-
terminal extension of GID1, covering the bound GA (Murase et al., 2008; Shimada et al., 2008).
The conformational change subsequently enables binding of the DELLA to the upper surface
of the GA-GID1-complex (Griffiths et al., 2006; Ueguchi-Tanaka et al., 2007; Willige et al.,
2007) (Figure 1.3 B).

Multiplication of DELLA as well as GID1s in A. thaliana has created an immense level of

complexity. Today there are three different GA-receptors (GID1a, b and c¢) known (Nakajima
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et al., 2006), as well as five diverse DELLA proteins (GA-INSENSITIVE, GAl; REPRESSOR
OF GA1-3, RGA; RGA-LIKE1, RGL1; RGL2 and RGL3) (Dill and Sun, 2001), creating 15
possible interactions, only between these two groups of proteins. Additional to the mentioned
F-box protein SLY1, a second F-box protein, called SNEEZY (SNZ) is, even if not as prominent
as SLY1, involved in GA-dependent regulation of DELLAs (Ariizumi et al., 2011).

The significant level of redundancy not only facilitates stability to the GA-responses, but also
enables distinct functions and affinities of the different components (Suzuki et al., 2009). For
example, the three GID1-receptors are largely redundant and show the highest affinity for the
biological most relevant gibberellin in Arabidopsis, GA4. Contrary to these observations, they
possess exceedingly different expression patterns, spread over different plant organs
(Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006; Nakajima et al., 2006; Willige et al., 2007).
In addition, they show varying affinities for GA4 (Nakajima et al., 2006; Suzuki et al., 2009).
DELLA-proteins are part of the plant specific GRAS family of transcriptional regulators (named
after the first identified family members GAl, RGA and SCARECROW). Members of this family
possess a specific N-terminal GRAS-domain, which distributes the function of transcriptional
regulation. DELLAs have two additional N-terminal domains. Both, the DELLA- and the
TVHYND-domain are functioning in the transcriptional regulation of the GA-response by
mediating the interaction with the N-terminal of the GA-GID1 complex (Silverstone et al., 1998;
Peng et al., 1999; Daviere and Achard, 2013) (Figure 1.3 A). The sequential order of complex
formation was the objective of former studies in yeast. They indicate the GA-dependent
interaction between GID1s and DELLAs as initiation of increased affinity of SCFS-" the
DELLAs, determining the order of complex formation upon GA-perception. Here, a yeast three-
hybrid-assay revealed the interaction between RGA and SLY1 only in the presence of GAz and
the co-expression of GID1a (Griffiths et al., 2006).

A GA-perception GRAS-Domain

DELLA TVHYNP LHRI VHIID LHRII PFYRE SAW

GA-
Proteasomal responses

degradation

Figure 1.3: lllustration of the gibberellin perception machinery and DELLA-degradation mechanisms in Arabidopsis: (A)
Schematic overview of the structure of DELLA proteins including the most important domains. (B) Binding of gibberellic acid (GA)
to one of the GA-receptors GIBBERELLIN-INSENSITIVE DWARF1 (GID1) a, b or ¢, enhances the interaction with negative
regulator proteins of the DELLA-Family, recruiting the respective DELLA to the F-Box protein SLEEPY (SLY1) of the SCF E3
ubiquitin ligase complex, inducing polyubiquitination of the regulator, and its subsequent proteasomal degradation. Absence of
DELLAs prevents them from inhibiting GA-response signaling (Adapted from Daviére and Achard, 2013).
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GA takes a major role in the regulation of distinct pathways, through mediation of DELLA
degradation (Daviére et al., 2008; Locascio et al., 2013; Wang and Deng, 2014). Despite being
transcriptional regulators and hubs for integration of different signaling pathways of plant
development and stress-responses (Locascio et al., 2013; Marin-de la Rosa et al., 2014),
DELLAs lack the typical DNA binding domains. Their influence on transcriptional regulation
therefore is mainly mediated through binding to other transcription factors. Their contribution
to other signaling networks can be both, stimulating or repressive (Daviere and Achard, 2013).
On one hand, DELLAs are involved in the cross-talk to other phytohormone response chains
by interacting with ARABIDOPSIS RESPONSE REGULATORS (ARRs), which recruit DELLAs
to promoters of cytokinin regulated genes (Marin-de la Rosa et al., 2015) or contribute to plant
defense by interacting with JASMONATE ZIM-DOMAIN (JAZ) proteins. On the other hand,
they integrate hormone and light-signaling by interacting with PHYTOCHROME
INTERACTING FACTORS (PIFs) and preventing them from binding to their target promoters
(Feng et al., 2008; de Lucas et al., 2008). In total, more than 60 interactors from different
regulatory processes have already been identified (Marin-de la Rosa et al., 2014; Marin-de la
Rosa et al., 2015).

1.1.2 Light signaling

Because of their sessile way of living, plants are in constant need for adaption to the highly
variable light conditions of their environment. Light is not only indispensable for their
phototropic energy production, but also the primary abiotic factor for developmental processes
and optimal vegetative growth (Klose et al., 2015; Xu et al., 2015). Due to the extraordinary
significance of harvesting the energy of light from all wavelengths, plants have developed a
complex network of light perception and signal transduction pathways, regulating about 2,500
genes, depending on the diurnal and seasonal duration and color of daylight (Gyula et al.,
2003). Through evolution, plants have generated a multiplicity of light perceiving receptors,
induced by light from the maijority of wavelengths. UVR8 (UV-B RESISTANCES) perceives
UV-B-, cryptochromes, phototropins, zeitlupes cover blue and UV-A-wavelengths, while
phytochromes recognize red and far-red light (Galvdo and Fankhauser, 2015; Christie and
Zurbriggen, 2020; Figure 1.4 A).
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Figure 1.4: Overview of Arabidopsis thaliana photoreceptors with detailed information about phytochrome signaling and
involved components. (A) Light perception by photosensory receptors. A. thaliana possesses specialized receptors for
perception of light wavelengths from UV (UVRS8) to blue light (phototropins, zeitlupes, cryptochromes) to red and far-red
(phytochromes) (adapted from Christie and Zurbriggen, 2020). (B) Schematic overview of the phytochrome B domain architecture
and its light-dependent interaction with PIFs. phyB consists out of an N-terminal photosensory module with an N-terminal
extension (NTE) (red) a C-terminal output module (blue). Function of the respective domains are described in part 1.1.2.1 (adapted
from Bae and Choi, 2008). While the non-active PrB-conformer is not able to interact with PIFs, the red light-dependent
conformational change to its biological active PfrB form induces this interaction. Irradiation of far red light reverts the
conformational change back to PrB and aborts interaction with PIFs. (C) lllustration of the bHLH-transcription factor PIF3 and its
most important domains. PIF3 possesses an N-terminal active phytochrome B binding domain (APB) and an active phytochrome
binding domain (APA) which mediate interaction with the active Pfr-conformer of phyB and phyA, respectively. The family specific
bHLH-domain is essential for binding to G- and PBE-box elements of target genes (adapted from Leivar and Quail, 2011). (D)
Possible nuclear transport mechanisms of phyB. The first mechanism postulates phyB itself has a caged NLS, which is exposed

after red light-induced photoconversion to the biological active PfrB conformer. Interaction with transcription factors like PIFs takes

place after its migration to the nucleus, inducing light signaling responses (left). The second mechanism acts on the assumption

of cytosolic interaction of PIFs and the biological active Pfr conformer. Mediated by the NLS of PIFs, the heterodimer out of phyB

and PIF migrates to the nucleus and activates light signaling responses (right). (E) Nuclear migration mechanism of phyA. Red

light induces the photoconversion of the inactive PrA conformer to the biologically active PfrA form. Cytosolic interaction with the

NLS-bearing functional homologues FHY 1/FHL mediates the nuclear migration of the complex. After nuclear translocation, the
induction of phyA-dependent light signaling responses depends on far red light-induced reconversion to PrA initiating dissociation

of PrA from FHY1/FHL and a second red light-induced conversion to PfrA for initiation of phyA-dependent downstream signaling
events (adapted from Rausenberger et al., 2011).
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1.1.2.1 Plant phytochromes

Plant phytochromes are red- and far-red light perceiving photoreceptors from the phytochrome
family, not only found in plants, but also in fungi, cyanobacteria and purple and non-
photosynthetic bacteria (Montgomery and Lagarias, 2002; Blumenstein et al., 2005; Froehlich
et al., 2005). Consisting of 5 members, Arabidopsis thaliana phytochrome (phy) A-E promote
photomorphogenic development of the plant (Jiao et al., 2007). Next to the typical three
homologous domains (P2/PAS, P3/GAF, P4/PHY) they possess an amino-terminal extension
(P1/NTE) in the photosensory module (PSM) as well as two additional PAS-domains, upstream
of the carboxy-terminal, non-functional, histidine kinase-related domain (HKRD) (Bae and
Choi, 2008; Burgie and Vierstra, 2014) (Figure 1.4 B). Among these domains, the PAS and
the GAF domains occur in other protein families. As an example, the photosensory LOV-
domain of the UV-A and blue light perceiving phototropin photoreceptors is a GAF domain
(Fedorov et al., 2003).

Plant phytochromes are synthesized as dimers of their inactive Pr form in the cytoplasm, with
each subunit covalently bound to a linear tetrapyrrole phytochromobilin P®B (Gyula et al.,
2003). Here, the lyase activity of the PAS domain mediates binding of the chromophore to a
specific cysteine of the GAF-domain. Exposure to red light, induces a Z-E photoisomerization
of POB (Sineshchekov, 1995; Gartner and Braslavsky, 2003), initiating an allosteric
conformational change from the biologically inactive red light absorbing Pr- and the bioactive
far-red light absorbing Pfr-conformation of the whole protein (Fischer et al., 2005; Rockwell et
al., 2006). In contrast, irradiation of far-red wavelengths or thermal relaxation in darkness (dark
reversion), reverts the conformation change (Furuya and Schafer, 1996). Hence, interaction
with the chromophore awards distinctive absorption spectra in a reversible manner. Absorption
spectra of both conformations, with maxima at 660 nm (Pr) and 740 nm (Pfr), partially overlap,
resulting in an interconvertible, dynamic photoequilibrium, dictated by light intensity and
wavelength (Rockwell et al., 2006).

Because of varying physiological and spectrophotometric properties, the five phytochromes
are categorized into “light liable” (Type |) or “light stable” (Type Il) (Sharrock and Quail, 1989;
Fernandez et al., 2005). Only phyA is assigned to type | and is responsible for responses to
very low fluence rates of light (VLFR) or high fluence rates of continuous far-red irradiation
(far-red — high irradiance response, FR-HIR). The four other phytochromes share a wavelength
dependent low fluence response (LFR), previously described as a “light switch”: Perception of
R (red light) induces signaling, whereas FR (far-red light) immediately blocks signal
transduction, in a reversible manner (Yanovsky et al., 1997; Casal et al., 2003). phyA as only
type | phytochrome and phyB hold a superior role in the entirety of physiological responses to

R and FR, turning them into the best characterized family members over the last decades
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(Franklin and Quail, 2010). Even though both possess similar photobiological characteristics,
phyA mainly controls FR responses, while phyB demonstrates R induced control of gene
transcription. Since the light-dependent nuclear translocation of phys is crucial for signal
transduction, their divergent role in relaying R and FR responses might be explained by
dissimilar downstream regulation of both (Van Buskirk et al., 2012).

Nuclear allocation of phys is restricted to subnuclear clusters, called nuclear speckles/bodies
(NBs), with size and number being highly dependent on quality and quantity of light (Kircher et
al., 1999; Yamaguchi et al., 1999; Kircher et al., 2002; Chen et al., 2003; Chen and Chory,
2011). Generation of NBs is essential for photomorphogenic development, referred to being
site for many processes like degradation and regulation of activity of transcriptional regulators,
as well as storage site for active PfrB, minimizing its reversion (Rausenberger et al., 2010;
Adam et al., 2011; Chen and Chory, 2011; Van Buskirk et al., 2012).

1.1.2.2 Phytochrome A

As the only type | phytochrome, phyA plays a significant role for mediating HIRs under FR-
enriched light conditions, like the de-etiolation of seedlings in dense plant canopies (Yanovsky
et al., 1995). PhyA mutants lack the ability of reacting to HIRs, indicating its significance under
these light conditions (Shinomura et al., 2000). The previously described light-switchable
activation of type Il phytochromes is not easily transferable to phyA: In darkness, phyA is
located in the cytoplasm (Bae and Choi, 2008) and phyA-mediated light-responses
substantially depend on nucleo-cytoplasmatic shuttling. This process is essentially driven by
interaction with the two functional homologous FAR-RED ELONGATED HYPOCOTYL1
(FHY1) and FHY1-LIKE (FHL). Both bear an efficient nuclear import sequence (NLS), a
nuclear export signal (NES) and a phytochrome A binding domain (Zeidler et al., 2004;
Hiltbrunner et al., 2005; Hiltbrunner et al., 2006; Genoud et al., 2008). The fact, that the
detected phyA-level in FR-treated seedlings, by far exceeded the quantity of available
FHY1/FHL, underlines the importance of cycling of both transport-mediating proteins for the
“piggy-back” mechanism of phyA nuclear transport (Genoud et al., 2008). Overall, phyA activity
involves nuclear transport, mediated by FHY1/FHL under R, followed by a FR-dependent
cleavage of interaction with FHY/FHL, preventing inhibitory function of both, and a subsequent
second R induced conformational change to PfrA for activating its nuclear activity (Figure 1.4
E). This activation mechanism, together with strong degradation of PfrA in the nucleus, is
sufficient for shifting the peak of phyA activity from R to FR (Rausenberger et al., 2011). Unlike
type Il phytochromes phyA appears only in homodimers and does not stably dimerize with

other phytochromes (Liu and Sharrock, 2017).
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1.1.2.3 Phytochrome B

PhyB is the physiologically predominant type Il phytochrome, involved in germination,
development of seedlings and mediates shade avoidance responses (Casal, 2013).

Under dark conditions it is, similar to phyA, localized in the cytosol. phyB-mediated signaling
involves R induced photoconversion, essential for subsequent nuclear transport and
accumulation of the bioactive PfrB. FR irradiation of thermal relaxation reverts PfrB back to the
non-active PrB conformer (Kircher et al., 1999). Compared to phyA, the nuclear transport of
phyB is independent of FHY1/FHL and less precisely understood (Hiltbrunner et al., 2006). To
make things even more complicated, heterodimerization of members of type Il phys, impedes
observation of the single variants (Clack et al., 2009). One possible mechanism of nuclear
transport of phyB postulates an N-terminal intrinsic NLS, exposed by R-induced
photoconversion (Sakamoto and Nagatani, 1996; Matsushita et al., 2003; Chen et al., 2005).
Although the transport sequence has never been confirmed, it took until 2012, when Pfeiffer
et al. demonstrated a PIF3-mediated mechanism in vitro, later confirmed in vivo in orthogonal
mammalian cell systems (Beyer et al., 2015a). This model describes a R-dependent cytosolic
interaction of PIF3 with PfrB and subsequent nuclear transport of the complex, enlarging the
role of PIFs from important component of phyB-dependent signaling to facilitating its nuclear
translocation (Figure 1.4 D). Alongside with the R-dependent interaction of PIF3 (Figure 1.4
B), interaction of one or both conformers with different NLS-containing proteins have been
monitored, explaining why phyB is never fully extinct from the nucleus, even in darkness (Yeom
et al., 2014; Huang et al., 2016). Thermal reversion of phyB highly depends on temperature,
expanding the role of phyB as a R/FR-light sensor to a temperature sensing protein (Jung et
al., 2016; Legris et al., 2016; Viczian et al., 2020).

1.1.2.4 Phytochrome C-E

Roles and functions of phyC-E in R/FR light responses and photomorphogenic signaling are
minor to phyA and phyB (Kircher et al., 2002). To date, there are only a few experimental
observations, describing their behavior and function, with partially controversial results. In
2001, Nagy et al. postulated their nuclear import might be, as opposed to phyA and B, light-
independent, while nuclear body formation was strictly observed in R. Contrary, another
analysis described the nuclear import of all phytochromes to be regulated by “light-quality and
quantity” (Kircher et al., 2002). Until now, evidence for the mechanism of their nuclear transport
has not been found. In case of phyE, it was reported that homodimers are transported at very

low fluences of light, which are usually perceived by phyA. Despite the similarity, this transport
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was independent of FHY1/FHL (Adam et al., 2013). The independent observation that phyE
does not bind PIFs, suggests an unknown transport mechanism (Klose et al., 2015).
Nevertheless it is necessary for phyA-mediated induction of seed germination under
continuous irradiation of FR (Hennig et al., 2002). The three less described type Il
phytochromes tend to heterodimerize with phyB (Clack et al., 2009), impeding observation of
their individual protein dynamics. While phyC and phyD were also found in homodimers,
overexpression of phyE indicated its homodimerization in absence of phyB and D.
Heterodimerization with phyB seems to be essential for the functionality of phyC, whereas the
nuclear accumulation of phyD occurs independent of light in a phyB lacking background (Adam
et al., 2013). In a phyB mutant background, the remaining type Il phys appear to have relevant
roles in mediating seed germination and might fine-tune responses primary regulated by phyB
(Arana et al., 2014). The members generated diverse functions in seed germination in relation
to diverse light (Casal and Sanchez, 1998) and temperature (Heschel et al., 2007; Donohue
et al., 2008; Heschel et al., 2008) conditions. Generally, the diversification of phys distributes

precise responses to the environmental conditions (Martel et al., 2018).

1.1.2.5 Role of phytochrome-PIF interaction

Phytochrome interacting factors (PIFs) are part of the bHLH superfamily of transcription factors
(Toledo-Ortiz et al., 2003), defined by a characteristic bHLH domain (Murre et al., 1989; Murre
et al., 1994) (Figure 1.4 C). In general, proteins of this superfamily are hubs for regulation of a
multiplicity of developmental processes (Massari and Murre, 2000; Leivar and Monte, 2014).
In A. thaliana, the family of PIFs consists out of 8 members (PIF1-8) with partially variable but
mostly redundant functions. They bind specific G- and PBE-box motifs of DNA through their
bHLH-domain, modify gene expression and promote skotomorphogenesis (Martinez-Garcia
et al., 2000; Toledo-Ortiz et al., 2003; Al-Sady et al., 2008; Li et al., 2012; Zhang et al., 2013;
Huang et al., 2018; Zhang et al., 2020). Therefore, interaction of PIFs and phytochromes is a
fundamental process for repressing skotomorphogenesis and promoting photomorphogenesis
(Franklin and Quail, 2010). All PIFs have at least one or both N-terminal active phytochrome
B-binding (APB)- and/or active phytochrome A-binding (APA)-domains, necessary and
sufficient for interaction with phys (Zhu et al., 2000; Khanna et al., 2004; Al-Sady et al., 2006;
Shen et al., 2008; Leivar and Monte, 2014), appearing with varying affinities (Khanna et al.,
2004; Castillon et al., 2007; Leivar and Quail, 2011). Among the PIFs, only PIF1 and PIF3
possess both domains (Ni et al., 1998; Ni et al., 1999; Zhu et al., 2000; Huqg, 2004), whereas
PIF2, 4-8 only have the APB domain (Hug and Quail, 2002; Khanna et al., 2004; Leivar et al.,
2008; Luo et al., 2014). While for all PIFs, interactions with either phyA and/or phyB have been
confirmed (Leivar and Quail, 2011; Lee and Choi, 2017), interaction of PIF8 and phyB was not

confirmed until 2020. Even though it does not possess an APA, little evidence for binding of
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phyA was demonstrated (Oh et al., 2020). The physical interaction with phyB was shown to
eliminate PIF1 and 3 from a specific promoter, repressing their transcriptional activation (Park
et al.,, 2012). Furthermore, it initiates phosphorylation and subsequent ubiquitination and
degradation of PIFs, promoting photomorphogenesis (Al-Sady et al., 2006; Lorrain et al., 2008;
Shen et al., 2008; Leivar and Quail, 2011; Ni et al., 2014).

To date, it is still unclear whether other members of the PIF family are involved in the nuclear
transport of phyB (Lee and Choi, 2017). Since the nuclear translocation of phys is a crucial
step for their signal transduction of responses to R and FR light, the investigation of this
mechanism and identification of involved components, as in this study, is of immense

relevance.
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1.2 Synthetic biology

A multitude of groundbreaking findings in modern cell biology over the last decades equipped
scientists with an extraordinary understanding of cellular signaling and the influence of external
stimuli on cell fate and properties (Pryciak, 2009). Beyond understanding and deciphering
linear signaling pathways and their conjunction to complex signaling networks, the advancing
identification and characterization of key components led to highly novel approaches of
rearranging and combining these elements into completely novel, custom-made synthetic
signaling circuits (Pryciak, 2009; Kiel et al., 2010; Lim, 2010). The fundamental idea of the
discipline, nowadays referred to as “synthetic biology” is stated back to Jacob and Monod and
their description of the lac operon (Jacob and Monod, 1961b). Further, they postulated genetic
regulatory networks, as they envisioned the possibility of remodeling regulatory components
into new systems (Jacob and Monod, 1961a). Realization of these ideas, was achieved as
recently as the beginning of this century (Cameron et al., 2014). After decades of identification
and characterization of building blocks, the first simple regulatory circuits, implementing the
concepts of electrical engineering, were created. Guided by the pioneering works on the first
genetic toggle-switch (Gardner et al., 2000), an oscillating circuit of transcriptional regulation
(Elowitz and Leibler, 2000) and autoregulatory gene networks (Becskei and Serrano, 2000) in
bacteria, the concepts and ideas were adapted to mammalian and other eukaryotic systems.

A crucial step for the development of synthetic circuits, was the construction of the first
inducible synthetic gene switch in mammalian cells, adapted from the tetracycline regulated
promoter of E. coli. A chimeric transcription factor, combining the DNA-binding tetracycline
repressor (TetR) and the transcriptional activation domain VP16 from Herpes simplex, in
combination with the appendant tetO operator motif, in close proximity to a minimal promoter,
binding of TetR-VP16 induces the tetracycline-dependent expression of a downstream gene
(Gossen and Bujard, 1992). Following studies even showed, the combination of various
bacterial regulators (TetR, Pristinmycin repressor, Pip; macrolide repressor, E) fused to
transactivation or the eukaryotic Krippel associated box (KRAB) transrepressor domain,
generating transcription control based on boolean logic gates (Kramer et al., 2004). Following
these simple molecular engineering principles (illustrated in Figure 1.5), many chemical
inducible switches were developed for mammalian cells (Hérner and Weber, 2012). Further,
quantitative characterization of the used building blocks, as well as implementation of
mathematical modeling, helped optimizing synthetic gene switches for tailored operation within
their respective applications (Andres et al., 2019). Today, the field of synthetic biology offers a
large tool box of applications from the modification or recombination of existing genetic
elements, to the rebuilding of sensitive and complex biological circuits such as signaling

pathways in orthogonal systems isolated from their native context (Lienert et al., 2014).
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Figure 1.5: Scheme of the configuration and function of chimeric transcriptional regulators. (A) Transcriptional activator.
A chimeric transcriptional activator consists out of a DNA-binding domain (DBD) fused to transcriptional activation domain (AD).
Meditated by the DBD it binds to its cognate operator site (op) in close proximity to a minimal promoter (Pmin) and activates
expression of the gene of interest (GOI). Supplementation of small molecules (e.g. antibiotics like tetracycline in case of choice
of TetR as DBD) removes the chimeric activator from its operator site and switches off the gene expression. (B) Transcriptional
repressor. Contrary to (A), the DBD is fused to a repressor domain (RD) and the minimal promoter is exchanged by a constitutively
active promoter (Pconst). Binding to the operator site creates a close proximity of the promoter and the repressor domain, which
inhibits the transcription of the GOI. In presence of the mentioned small molecules, the chimeric repressor dissociates from the
operator site and no longer represses the expression of the GOI.

1.2.1 Application of CRISPR/Cas systems for genetic modification

The discovery of restriction enzymes, a class of prokaryotic endonucleases with the ability of
cleaving DNA into fragments at specific restrictions sites, marks a meaningful milestone for
gene editing (Danna and Nathans, 1971), placing the fundament for a plurality of DNA-
modifying tools developed since then (Pickar-Oliver and Gersbach, 2019). More recently, Zinc-
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and the
RNA-guided clustered regularly interspaced short palindromic repeats — CRISPR associated
(CRISPR-Cas) nucleases were, among others, the first described programmable DNA-
modifying tools. Target recognition of TALENs and ZFNs depends on their DNA-binding
domain. Therefore, engineering for pairing with custom DNA-sequences highly involves
protein-engineering, increasing the level of complexity of generating modular DNA-
modification (Chandrasegaran and Carroll, 2016; Pickar-Oliver and Gersbach, 2019). Lacking
the need of protein engineering for targeting DNA anywhere in the sequence, CRISPR-Cas
nucleases have revolutionized genetic engineering. It binds DNA depending on single guide
RNAs (sgRNA), pairing with the sequence of choice (Marraffini, 2015; Pickar-Oliver and
Gersbach, 2019). After discovery of the CRISPR-Cas system, with the type Il Cas9 from
Streptococcus pyogenes as the most prominent one, the identification of several other Cas-
variants derived from a multiplicity of microorganisms led to development of multifaceted Cas-
based systems with application ranging from fundamental science to medicine (Hsu et al.,
2014; Fellmann et al., 2017). Alongside with adaption for functionality in the most relevant

model organisms, a catalytically inactive Cas9 version (dead Cas9, dCas9) enabled a new
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level of customized RNA-guided manipulation of transcription by fusing it to positive or negative
effector domains (Gilbert et al., 2013; Qi et al., 2013). Further, Cas-variants targeting RNA
instead of DNA have been discovered, expanding the toolbox of CRISPR-Cas dependent
genetic modification to the level of translation (Cox et al., 2017; Strutt et al., 2018). Amid those,
Cas13 proteins utilize precise knockdown or modification of RNAs in mammalian or bacterial
cell systems (Abudayyeh et al., 2016; Cox et al., 2017; Strutt et al., 2018). They are part of the
type VI CRISPR effector family and, contrary to Cas9, function independent of short
protospacer adjacent motif (PAM) sequences at the target site (Cox et al., 2017; Strutt et al.,
2018).

1.2.2 Optogenetics

Despite their broad application and fundamental role in origin of the discipline of synthetic
biology (Khalil and Collins, 2010), gene switches, based on chemical induction, have some
crucial draw-backs in terms of spatiotemporal resolution, diffusion and toxicity of the inducer,
as well as slow, mostly non-reversible induction kinetics (Maller et al., 2015). Subsequent to
the discovery of microbial opsins and the introduction of the first light-controlled ion channel,
channelrhodopsin, into mammalian neurons, a new discipline, later known as optogenetics,
was established (Deisseroth et al., 2006; Hegemann and Mdglich, 2011; Deisseroth, 2015).
Beyond revolutionizing neuroscience in the early 2000s, nowadays the toolbox of genetically
encoded, light-regulated proteins, switches and other tools based on plant and bacterial-
derived photoreceptors ranges from UV-B to far-red wavelengths activated variants, controlling
a multitude of processes in bacteria, fungi, animal or plant systems reviewed elsewhere (Beyer
et al., 2015b; Fan and Lin, 2015; Muller et al., 2015; Kolar and Weber, 2017; Salinas et al.,
2017; Kolar et al., 2018; Liu et al., 2018; Krueger et al., 2019). Compared to chemical inducers,
light as an input offers a tight quantitative control with minimized invasiveness and superb

control of spatiotemporal induction (Andres et al., 2019).
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Figure 1.6: lllustration of the general principle of an optogenetic “light-switch” for transcriptional activation and switches
used in the frame of this thesis. (A) Schematic overview of the general configuration of an optogenetic switch for transcriptional
activation. One part of the split-transcription factor consists out of a DNA-binding domain (DBD) fused to one of the two light-
dependent interaction partners. Meditated by the DBD it binds to its cognate operator site (op) in close proximity to a minimal
promoter (Pmin), without being able to activate gene expression. The other interaction partner is fused to a transcriptional activation
domain (AD) and compiles the other half of the split transcription factor. Exposure to light of a specific wavelength (depending on
the used light-responsive elements), leads to complex formation of the split transcription factor and induces a close proximity of
the AD and the minimal promoter, recruiting the transcriptional machinery and subsequently activates gene expression.
Depending on the used components, complex formation can revert in the dark or be reverted by exposure to another wavelength
of light, resulting in the dissociation of the complex and termination of gene expression. (B) lllustration of the function of the “light-
switches” used in the frame of this thesis. In the dark, UVR8 homodimerizes. lllumination with light of UV-B wavelengths, leads to
dissociation of the homodimers and induces heterodimerization with COP1 (For the optogenetic switch in chapter 3.2.2. a
truncated version of COP1, consisting out of its WD40-domain was used) (left). One part of the split transcription factor, a modified
light-oxygen-voltage domain from phototropin 1 of Avena sativa (AsLOV2), harbors a C-term epitope tag, which is covered by the
folded Ja-Helix in darkness. Upon illumination with blue light, the Jo-Helix unwinds. The now exposed tag enables recruitment of
ePDZ (adapted from Blomeier et al., 2021a). EL222 is a blue-light sensitive transcription factor from the gram-negative bacterium
Erythrobacter litoralis, consisting out of a light-sensitive LOV2- and a DNA-binding helix-turn-helix (HTH) domain. Under dark
conditions, the HTH is attached to the LOV domain. Exposure to blue light disrupts the interaction of the HTH and the LOV domain
and exposes the HTH. Now, EL222 is able to homodimerize and bind to a specific C120-DNA motif (Nash et al., 2011) (middle).
In darkness, the non-active PrB-conformer is not able to interact with PIFs. Red light-dependent conformational change to its
biological active PfrB form induces the interaction with PIFs. Irradiation of far red light reverts the conformational change back to
PrB and aborts interaction with PIFs (right).

1.2.2.1 Optogenetic switches in mammalian cells

Due to the fact that light is an dispensable factor for growth of mammalian cells, application of
optogenetic tools in mammalian cells led to development of a multitude of systems controlling
processes ranging from gene expression, genome engineering, subcellular translocation of
proteins, or even whole organelles, to manipulation of protein or RNA stability and kinase or
receptor activity (Kolar and Weber, 2017). On the level of gene expression control, optogenetic
switches are mostly based on the “two hybrid principle” of recruiting a transcriptional activation
or repression domain to a DNA-bound protein (Figure 1.6). Here, specific light stimuli elicit
structural reorganization of the components leading to homo- or hetero-association or

dissociation of two components (Kolar and Weber, 2017). Expression or reconstitution of split
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variants of DNA-modifying tools like CRISPR/Cas (as presented in chapter 1.2.1) under the
control of optogenetic switches, genomic engineering or transcriptional activation of any gene
of choice can be controlled by stimuli of light (Konermann et al., 2013; Nihongaki et al., 2015;
Polstein and Gersbach, 2015; Nihongaki et al., 2017; Bubeck et al., 2018; Zhou et al., 2018;
Chen et al., 2020; Yu et al., 2020). Contrary to DNA-directed tools, only a small number of
light-requlated RNA-targeting tools for controlling RNA localization or levels have been
developed until now (Blomeier et al., 2021; Vogel et al., 2017; Weber et al., 2019; Kim et al.,
2020; Pilsl et al., 2020) .

1.2.2.2 Optogenetics in plants

Continuous exposure to light is essentially anchored into the life cycle of plants.
Indispensability of illumination impedes the simple adaption of optogenetic tools, developed
for application in other organisms. Hence, the list of synthetic light-controlled approaches is
relatively short. The design of optogenetic tools for experimental use in plant systems demands
sophisticated engineering, avoiding activation by wavelengths essential for plant growth in
growth chambers and interference with the endogenous photosynthetic circuitry or light-
triggered signal transduction (Andres et al., 2019; Christie and Zurbriggen, 2020). For a limited
range of time, for example for transient transformation as a preliminary step for testing
functionality of developed systems, plants or plant cells can be kept in darkness. Contrary,
stable transformation for expression of the required components, is a very time-demanding
process with the unavoidable need for light (Andres et al., 2019; Ochoa-Fernandez et al.,
2020). Compared to the short alternation of generations in bacterial, yeast or mammalian
systems, the slower characteristics of plant reproduction decelerates implementation and
characterization of tools in plants (Andres et al., 2019).

Despite the mentioned obstacles, several optogenetic systems for application in plants or plant
cell systems, following varying strategies to achieve orthogonality to endogenous plant
signaling, have been developed in the last decade (Christie and Zurbriggen, 2020): The first
described tool in A. thaliana mesophyll protoplasts is based on the R activated and FR
deactivated phyB-PIF6 system. Supplementation of low intensities of FR to the ambient light
of greenhouses or grow chambers provides repression of the system, while exposure to R
activates gene expression (Miller et al., 2014b; Ochoa-Fernandez et al., 2016). PULSE (plant
usable light-switch elements), a recently published tool combines two different light-inducible
switches for enabling optogenetic control of gene expression, even under ambient white light
conditions (Ochoa-Fernandez et al., 2020). It combines the R-inducible phyB-PIF6 switch for
gene expression (red on module) with a blue light-inducible repressor, based on the bacterial
photosensitive EL222 DNA-binding protein (blue off module). This combination of switches

allows gene expression exclusively under irradiation of R, while it remains inactive in white
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light or darkness. Besides the characterization in A. thaliana protoplasts, functionality of
PULSE was demonstrated in transgenic plants. Another approach uses the bacterial-derived
green light-sensitive photoreceptor CarH in A. thaliana protoplast (Chatelle et al., 2018),
minimizing interference with plant photoreceptors, which usually have marginal activity at this
range of the light spectrum. Being inactivated by green light and only active in the dark, the
characteristics of the system are not substantially influenced by standardized growth
conditions. A drawback of the system is the need for supplementation of the chromophore
(AdoB12), which might impede in vivo application, especially in full plants (Christie and
Zurbriggen, 2020; Ochoa-Fernandez et al., 2020). Applying orthogonal tools to already light-
dependent processes, can be a strategy for optimizing endogenous physiological signaling.
The BLINK1 system comprises a synthetic, blue light-gated K* channel, modifying K* flux in
stomatal guard cells for accelerated kinetics of the stomatal aperture (Papanatsiou et al.,
2019). Overall, BLINK1 improved gas exchange, water usage and biomass production
compared to wild type plants. Further, another approach of optogenetically manipulating ion
fluxes in plants was achieved by introducing the first opsin-based tool into plant cells. Study of
the blue light-dependent membrane depolarization by channelrhodopsin2 (ChR2), identified
the plant plasma membrane H+-ATPase to hold a major role in controlling repolarization of
membrane potential during plant electrical signaling (Reyer et al., 2020). However, alongside
with blue light, activity of ChR2 depends on addition of the co-factor retinal, hindering the in
vivo application of the tool. Recently, Zhou et al. solved this problem by implementing the in
planta production of retinal (Urquiza-Garcia and Zurbriggen, 2021; Zhou et al., 2021b).
Moreover, they extended the channelrhodopsin-based toolbox for application in plants by
engineering additional channelrhodopsins with shifted absorption spectra or induction kinetics
(Zhou et al., 2021a).

1.2.3 Study of plant signaling in the orthogonal system of mammalian cells

Ideally, protein behavior and interactions are analyzed in their endogenous organism under
the control of the proteins own promoters, highly benefiting from the availability of their natural
environment and (interaction) context (Stynen et al., 2012). Nevertheless, the indispensable
complexity and redundancy of plant signaling networks (described in chapter 1.1), hampers
the isolated study of single proteins and selected interactions (Samodelov and Zurbriggen,
2017). One common approach of creating orthogonality but sticking to a plant-based system,
is the transient expression of proteins in evolutionary distant plants like Nicotiana bethamiana
leaves, followed by protein extraction and immunoprecipitation (Mufioz and Castellano, 2018),
fluorescence-based techniques such as biomolecular fluorescence complementation (BiFC)
(Walter et al., 2004) or Forster resonance energy transfer (FRET) (Stahl et al., 2013;
Weidtkamp-Peters and Stahl, 2017; Long et al., 2018). However, plant systems might still
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possess many homologous or genetically related proteins. The most extensively applied in
vivo platforms for analyzing plant protein-protein-interactions (PPIs) are orthogonal yeast-two-
hybrid (Y2H) approaches (Matiolli and Melotto, 2018).

Compared to in vitro or other heterologous in vivo systems like Y2H, mammalian cells mimic
the natural cellular environment of the monitored plant-originated processes more closely in
many cases, because conserved post translational modification of proteins or the presence of
co-factors, reduces the occurrence of false positive results (Fiebitz et al., 2008; Hou et al.,
2011; Beyer et al., 2015a). The application of mammalian cells as an orthogonal system for
the synthetic construction of gene networks has progressively gained interest in recent
research. A plurality of tools controlling cellular processes has been developed (Weber and
Fussenegger, 2010) and many approaches for the heterologous, orthogonal reconstruction
and analysis of complex plant signaling pathways in a simplified, optimized environment have
been generated (Wend et al., 2013; Beyer et al., 2015a; Abbas et al., 2018; Blanco-Tourifian
et al., 2020; Gratz et al., 2020). They may only provide the step-by-step-analysis of isolated
components in initial studies, but can possibly facilitate the sharpening of today‘s knowledge

of plant signaling pathways as a whole (illustrated in Figure 1.7).
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Figure 1.7: lllustration of the principle of studying plant signaling pathway components in the orthogonal system of
mammalian cells and possible applications. The highly complex and intertwined structure of plant signaling networks impedes
the study of single proteins, as well as chosen interactions of wanted components. Transferring the components of interest into
the orthogonal system of mammalian cells allows the reconstruction or protein localization, protein-protein-interaction (PPI) or
protein-DNA-interaction in a simplified environment with reduced complexity of the interaction network and crosstalk to unwanted
endogenous plant factors. The plurality of available approaches spans from (quantitative) microscopy for protein localization or
interaction up to quantitative reporter gene assays for studying PPls or protein-DNA-interactions, as well as protein detection with
e.g. western blot experiments. In general, the availability of mathematical modeling in connection with the mentioned approaches,
allows the quantitative control and reconstruction of the plant-derived components of choice. This figure was created with

BioRender.
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1.2.3.1Fdrster resonance energy transfer (FRET) approaches for analysis of protein
interactions

Among the techniques used within the framework of this thesis for studying plant-originated
PPls, FRET-based techniques were established for supporting and validating the other applied
approaches. They are an effective resources for expanding the value of conventional
microscopical approaches by quantification of dynamic protein-protein interactions (PPIs) in
vivo (Weidtkamp-Peters and Stahl, 2017). All FRET-based approaches depend on the physical
effect of energy transfer from an excited donor-fluorophore, to a second, energy accepting
fluorophore (acceptor) by dipole-dipole coupling. Requirements for this energy-transfer are
spatial proximity of only a few nanometers and an optimal angle between the dipolar moments
of both fluorophores (Forster, 1948; illustrated in Figure 1.8). To investigate if two candidate
proteins interact, they are fused to fluorophores with overlapping emission- of the donor and
excitation-wavelength of the acceptor-fluorophore (for example EGFP and mCherry). In case
both fusion proteins fulfill all FRET-requirements, the emission intensity of the donor
decreases, while the fluorescence-emission of the acceptor is elevated due to the energy
transfer (Kremers et al., 2006; Long et al., 2018). Even small changes can directly be translated
into a quantitative magnitude of the strength of the PPI. The simplest way of determining FRET
is the photobleaching of the acceptor-protein (FRET-APB) and subsequent measurement of
the donor intensity (Gu et al., 2004; Adjobo-Hermans et al., 2011). This technique does not
need any special equipment and can therefore be performed with most confocal fluorescence
microscopes. Despite the downsides of the need of high protein concentrations and a good
signal-to-noise-ratio of both fluorophores (Long et al., 2018), it is perfectly applicable for a
quick first screening of PPls.

The mentioned disadvantages of FRET-APB approaches exclude this technique from being
applicable for the analysis of interactions between poorly expressed interaction-partners or
simply the need for the most native conditions. For this kind of applications, FRET-analysis by
measuring the fluorescence lifetime (FRET- fluorescence lifetime imaging microscopy; FLIM)
is the method of choice, since no high fluorescence intensity of both fluorophores is needed
(Bucherl et al., 2013; Long et al., 2018). Here, FRET efficiency is determined by differences in
fluorescence lifetime of the donor fluorophore due to quenching by the acceptor, compared to
the non-quenched donor. Changes in fluorescence lifetime can easily be monitored by
simultaneous fluorescence excitation of both fluorophores and measurement of their photon
emission by Time Correlated Single Photon Counting (TCSPC). FRET-FLIM measurements
need special and very expensive equipment, but allow an even more sensitive analysis of PPI-
induced FRET.
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Figure 1.8: lllustration of the FRET measurement of a mCherry- and an EGFP-fused protein and factors essential for such
a measurement. In case of no interaction between both proteins, the fused fluorescent proteins EGFP and mCherry are not
localized within a close proximity to each other and no radiation free energy transfer occurs. Upon interaction of both proteins,
close proximity of EGFP and mCherry is generated, inducing energy-transfer from the donor fluorophore EGFP to the acceptor
fluorophore mCherry. FRET highly depends on the spectral overlap of the emission spectrum of the donor fluorophore and the
excitation spectrum of the acceptor, as well as the distance and the orientation of both fluorophores to each other. This figure and
the figure legend are adapted from the manuscript of Blomeier et al., 2021b, Appendix 7.1.1.
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2 Aims

This study combines the development, characterization and application of diverse synthetic
biology tools with the overall aim to monitor, quantify and control signaling processes in
(orthogonal) mammalian or plant systems. It is split into two parts:

1. Understanding and quantification. The first part of this thesis aims to develop tools for
the quantitative reconstruction of plant signaling in the orthogonal system of mammalian cells.
Here, the superior goal was to be able to answer open questions, which are very difficult or
nearly impossible to solve in their natural environment. Collaborative generation of
mammalian-x-hybrid and (quantitative) microscopy approaches, described herein, allowed the
synthetic reconstitution of plant signaling processes with the application on complex formation
during perception of the phytohormone gibberellin, as well as analysis of selected downstream
processes. These tools were then applied quantitatively understand the phytochrome-PIF
interaction network with mammalian-3-hybrid approaches and investigation on possible
unknown, PIF-mediated nuclear transport mechanisms of phytochromes with confocal
fluorescence microscopy. Here, particular attention is given to the light-dependence of the
analyzed processes.

2. Manipulation and control. The second part deals with the construction of novel optogenetic
tools for spatiotemporal manipulation and control of signaling processes in mammalian and
plant systems. Blue light-dependent control of expression of the RNA-cleaving
CRISPR/Cas13b was achieved for downregulation of mRNA levels in different mammalian
cells lines. Lastly, a UV-B activated optogenetic switch for induction of gene expression in
mammalian cells was adapted for functionality in plant systems and quantitatively

characterized in A. thaliana mesophyll protoplasts.
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3 Results and Discussion

3.1 Quantitative reconstruction of plant signaling networks in the
orthogonal system of mammalian cells

3.1.1 Quantitative reconstruction of the gibberellin perception mechanism

The chapter 3.1.1 is based on a manuscript in preparation with equal contribution of Jennifer
Andres, Institute of Synthetic Biology, University of Disseldorf (Blomeier et al., in preparation

2021b; Appendix 7.1.1) and contains selected results thereof.

As described in chapter 1.2.3, the study of plant signaling networks is highly impeded by the
complexity and intertwined structure of the signaling cascades, with many components of
redundant or overlapping function. Thereby, the isolated analysis in plants, especially in a
quantitative fashion, is particularly complicated. Here, the study of such processes in
orthogonal systems, with highly reduced crosstalk to other plant specific signaling processes
gained interest in the last years and helped sharpening the understanding of such processes
by offering a platform for analysis of, for example protein-DNA, protein-protein interaction (PPI)
or protein localization (Beyer et al., 2015a; Abbas et al., 2018; Blanco-Tourifian et al., 2020;
Gratz et al., 2020).

In this chapter, the design, development and characterization of a toolbox of (quantitative)
approaches for the reconstruction of plant signaling processes in an orthogonal, cross-talk
reduced environment are described. Mammalian-1-hybrid (M1H) were developed for
investigation on the transactivation ability of transcription factors, as well as the influence of
other transcription factors on these processes. Further, M2H up to M4H approaches were
combined with quantitative microscopy-based FRET techniques for analyzing simple PPls and
their dependence on the supplementation of phytohormones. Subsequently, our findings were
transferred on the analysis of the order of interaction events during complex formation of more
than two proteins.

For establishment of our systems, we focused on the reconstruction of signal transduction
processes during the gibberellic acid perception and selected downstream signaling events in

human embryonic kidney cells (HEK-293T).
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3.1.1.1 Mammalian-x-hybrid (MxH) approaches

The first approach, in the following referred as M1H (Mammalian-1-Hybrid), investigated on
the relative strength of transcriptional activation activity of transcription factors after binding to
their target DNA sequences. Since DELLA proteins lack a characteristic DNA binding domain,
their influence on the regulation of signaling events is mediated by the interaction with
transcription factors (Daviére et al., 2008; Feng et al.,, 2008; de Lucas et al., 2008;
Schwechheimer, 2012; Locascio et al., 2013). Therefore, we first tested the previously
described activation of gene expression of ARABIDOPSIS RESPONSE REGULATOR1
(ARR1) by binding to synthetic cis-element sequences containing B-type ARR-binding motifs
(TCS target element) on DNA (Miller and Sheen, 2008). Since the additive promotion of
ARR1’s transactivation ability by DELLAs was already shown in Nicothiana benthamina leaves
(Marin-de la Rosa et al., 2015), our next step was to analyze the influence of DELLA proteins
on these processes (M1H*; Mammalian-1-Hybrid*; Figure 2.1 A). For functionality in
mammalian cells, we used the ARR1ADDK mutant (lacking the CK-responsive DDK domain),
which was shown to possess increased activity in the absence of plant-specific CKs (Sakai et
al., 2000). Repetitions of the TCS element were placed in close proximity to the human
cytomegalovirus minimal promoter (Prcwvmin), controlling the expression of the human secreted
alkaline phosphates (SEAP) gene on the reporter plasmid. While the transfection of the
reporter construct did not induce any SEAP expression, the co-expression of ARR1
significantly increased the SEAP production, independent on fusion of an additional
transactivation domain (VP16). Further, supplementation of either of the DELLA proteins RGA
or GAl led to an additive rise in gene expression, with significant differences in most cases
(M1H") (Figure 2.1 B).

In summary, these results successfully support previous studies by demonstrating the binding
of ARR1 to the TCS element and its capability of activating transcription, without the need of
an additional transactivation domain. Further, DELLA proteins were observed to promote this
effect by co-activating the activation of gene expression, supporting former Y2H and ChIP
approaches (Marin-de la Rosa et al., 2015).

Next, we adapted and optimized a previously described split transcription factor system, based
on the macrolide repressor (E-protein) and its target DNA motif (erythromycin resistance
operator; etrg) (Muiller et al., 2013b). In brief, one transcription factor was N-terminally fused to
the DNA binding E-protein, while a possible interaction partner was coupled to a transactivation
domain (VP16) on its C-terminal. The etrs motif was placed upstream of the Prncmvmin promoter,
controlling the expression of SEAP. Interaction of both proteins draws the VP16 domain, fused
to the interaction partner, in close proximity to the minimal promoter, recruiting the
transcriptional machinery and thereby inducing expression of SEAP. For the study of

interactions events during the gibberellin perception, we first designed and constructed
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bicistronic vectors containing the DELLA proteins RGA or GAl fused to VP16 and the GA-
receptors GID1a, b or ¢ bound to the E-protein, respectively (Figure 2.1 C). For generation of
two independent translational initiation sites, both were separated by a polioviral internal
ribosome entry site (IRESpv). While the interactions of the mentioned factors were studied in
the absence of GA (M2H), supplementation of GA3-AM was performed to test their hormone
dependence (M3H).

Since previous studies showed the functionality of the gibberellin analog GAs:-AM in
mammalian cells at a concentration of 10 uM (Miyamoto et al., 2012), the same concentration
was used in this study. For technical validation of the system, single transfection of the reporter
construct was performed to analyze its background activity in the mammalian cell environment,
while a fusion of E-VP16 was co-transfected to be able to compare the fitness of the cells after
GA supplementation and under control conditions.

In all analyzed combinations no interaction of DELLA and GID1 was observed under control
conditions (Figure 2.1 C). However, supplementation of GA3-AM to the cell medium induced
the interaction of DELLA and GID1 in all six tested combinations, while the set-ups with the
GA-receptor GID1a generated the strongest induction of SEAP production (Figure 2.1 D). For
exclusion of false negatives generated by the direction of protein fusion, the orientation of E-
GID1 and DELLA-VP16 was inverted to E-DELLA and GID1-VP16. This orientation showed
the same tendency of GAs-AM induced interaction of all DELLA-GID1 combination, but with
an overall lower SEAP production (data not shown, see Appendix 7.1.1). Combination of either
the respective DELLAs or the GID1s with the F-Box Protein SLY1 did not lead to expression
of the SEAP reporter gene in all tested combinations and orientations (data not shown, see
Appendix 7.1.1). With the established M3H system we could show a hormone-dependent
interaction for all six DELLA-GID1 combinations. Nevertheless, we underlined the importance
of investigation on preferred fusion sites of proteins for either improving the dynamic range of
the system, or exclude false negative results. In case of the DELLA-GID1 analysis, both
orientations displayed the same tendency, but E-GID + DELLA-VP16 outperformed the
reversed fusion sites in this approach.

Previous studies highlighted the role of the SCFS-Y' complex of targeting DELLA proteins in a
GA-dependent manner (Dill et al., 2004; Fu et al., 2004). Nevertheless, the order of events
was, so far, only studied by using yeast-three-hybrid assays. Here, the recognition of the
already formed GA-GID1-DELLA complex by SLY1 was shown for the example of RGA and
GID1a (Griffiths et al., 2006). In order to be able to recapitulate the order interaction during
GA-perception in our mammalian system, we further co-transfected the third component to the
respective M2H and M3H set-ups (Figure 2.1 E). No supportive effect on already detected
interaction between DELLA and GID1 was observed, while the combination of E-DELLA/SLY1-
VP16 did not show any SEAP expression after supplementation of SLY1-NLS (data not shown,
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see Appendix 7.1.1). Interestingly, the treatment with GAs-AM induced the SEAP expression
for the E-GID1/SLY1-VP16 combination, when co-transfected with either RGA- or GAI-NLS,

indicating a DELLA-mediated interaction of both parts of the split transcription factor system

(Figure 2.1 F).
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Figure 2.1: Synthetic reconstruction of DELLA-mediated regulation of transcriptional activation and comparison of
mammalian-x-hybrid experiments analyzing the order of complex-formation during GA-perception in human embryonic
kidney cells (HEK-293T). (A) Mode of function of mammalian one hybrid (M1H) and mammalian one hybrid* (M1H*) experiments.
The plant transcription factor ARR1 activates transcription of the SEAP reporter gene upon binding to repetitions of the TCS
element (M1H). The presence of DELLA proteins further enhances this activation (M1H"). The reporter construct consisting out
of the human secreted alkaline phosphates (SEAP) under the control of the human cytomegalovirus minimal promoter (Phcmvmin),
positioned downstream of repetitions of the TCS-element. The reporter plasmid was co-transfected with ARR1 (ARR1 ADDK) with
or without being fused to the VP16 transactivation domain (M1H). Additional co-transfection of either GAl or RGA, as well as
VP16-fused versions of both DELLAs was performed (M1H*). (B) 24 h post-transfection of the listed components, SEAP activity
was quantified by a colorimetric assay. n = 4, error bars represent one standard error of the mean (SEM). One-way analyzes of
variance (ANOVA) were performed with p < 0.05. (C) Scheme of the mammalian-hybrid detection system, investigating the
possible interaction of GID1-receptors and DELLA proteins in the presence (M3H) or absence (M2H) of gibberellic acid (GAs-AM).
GID1a, b or c were N-terminally fused to the DNA-binding macrolide repressor (E-protein), tethering it to the etrs operator site on
the reporter plasmid. Recruitment of GAl or RGA, C-terminally fused to the VP16 transactivation domain, recruits the
transcriptional activation machinery to the cytomegalovirus minimal promoter (Pcmvmin) and induces the expression of the secreted
alkaline phosphatase reporter gene. (D) Macrolide repressor-based split-transcription factor system for analysis of GA-dependent
interactions between E-GID1 and DELLA-VP16. 50,000 HEK-293T cells were seeded in 24-well plates and transfected 24 hours
later with a reporter plasmid, containing the human secreted alkaline phosphatase (SEAP) under control of the human
cytomegalovirus minimal promoter, positioned downstream of repetitions of an operator sequence for E (etrs). A constitutively
expressed fusion of both, the DNA-binding domain (E-Protein) and the Herpes simplex-derived transactivation domain (VP16)
acted as positive control for gene expression, while single transfection of the reporter was used as negative control for controlling
leakiness of the system in the different conditions. For quantitative analysis of GA-dependent interactions, a bicistronic vector
containing the mentioned protein combinations, was co-transfected. 24 hours post transfection, the medium was exchanged by
fresh medium containing either 10 uM GA3-AM, dissolved in DMSO, or DMSO as control. Another 24 hours SEAP production was
quantified using a colorimetric assay. n = 4, error bars represent one standard error of the mean (SEM). (E) Molecular design of
the mammalian-hybrid detection system, investigating the order of possible interaction of SLY1, GID1-receptors and DELLA
proteins in the presence (M4H) or absence (M3H) of gibberellic acid (GA). The DELLA proteins were fused to the E DNA-binding
domain, tethering it to the etrs operator side on the reporter plasmid. In case of interaction, recruitment of SLY1 fused to the VP16
transactivation domain recruits the transcriptional activation machinery and induces the activation of the secreted alkaline
phosphatase reporter gene under the control of the cytomegalovirus minimal promoter. Co-transfection of GID1a, b or c further
analyzes if it is necessary for mediating the interaction of both parts of the split transcription factor. 50,000 HEK-293T cells were
seeded in 24-well plates and transfected 24 hours later with the indicated components 24 hours post transfection, the medium
was exchanged by fresh medium containing either 10 pM GAs-AM, dissolved in DMSO, or DMSO as control. Another 24 hours
SEAP production was quantified using a colorimetric assay. n = 4, error bars represent one standard error of the mean (SEM).
This figure and the figure legend are adapted from the manuscript of Blomeier et al., 2021b, Appendix 7.1.1.

The obtained results could give new insights on the structure of the GA-GID1-DELLA-SLY1
complex, responsible for GA-perception and signal transmission, since not all orientations
indicate the capability of all three involved proteins to bind to each other, or only show a relative
affinity for each other below the threshold of the performed methods. Summed up, the results
obtained in this part, support former studies indicating the GA-dependent interaction between
GID1s and DELLAs as initiation of increased affinity of SLY1 for the GA-GID1-DELLA complex
in yeast (Griffiths et al., 2006), determining the order of complex formation upon GA-
perception. Here, a yeast-three-hybrid assay revealed the interaction between RGA and SLY1
only in the presence of GAs; and the co-expression of GID1a. This study expands this
investigation to all three GID1s and the two DELLA proteins RGA and GAl. It further indicates
the recruitment of SLY1 to the respective DELLA protein, after previous GID1-DELLA complex
formation upon GA-perception by the GID1 receptors. If this prediction is true, it could explain
SEAP induction in case of co-expression of the DELLAs as no part of the split transcription-
factor (Figure 2.1 D). This protein complex might guarantee a more beneficial orientation or
smaller proximity of the transactivation domain to the minimal promoter in the M4H assays.
However, a reason for the absence of SEAP expression in case of supplemental GID1

expression could be the low stability of the complex in this composition.
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3.1.1.2 Microscopy based approaches

Lastly, we aimed on the development of independent approaches for validating the analyzed
protein-protein interactions (PPIs) from the previously described MxH experiments.

First localization studies of the co-transfection of fluorescently tagged DELLA and GID1
proteins revealed the GAs-AM dependent recruitment of EGFP-tagged GID1b to a nuclear
localized mCherry-GAl (data not shown, see Appendix 7.1.1).

To be able to review if the discovered translocation of proteins was induced by interaction with
another protein, the fixed cell samples were subsequently used for the establishment of FRET
approaches, being highly valuable techniques for the quantitative analysis of such PPls
(Weidtkamp-Peters and Stahl, 2017). As explained in chapter 1.2.3.1, FRET describes the
radiation free energy transfer from an excited donor-fluorophore to an acceptor fluorophore,
depending on overlapping emission spectrum of the donor and excitation spectrum of the
acceptor, as well as the proximity and angle of the dipolar moments of the fluorophores
(Forster, 1948; illustrated in Figure 1.8).

Since the chosen fluorescent proteins EGFP and mCherry, for studying protein localization of
the GID1s and GAI, are known to fulfill the requirements of overlapping spectra for FRET, we
were able to use the same constructs for the analysis of possible FRET effects (Lam et al.,
2012). In case of GA induced interaction between both, EGFP and mCherry are located in
close proximity to each other. Ideal angles between the fluorophores induces energy transfer
from the donor EGFP to the acceptor mCherry (illustrated in Figure 2.2 D).

With the exception of having access to a confocal fluorescence microscope with lasers and
emission filters of the required wavelengths, FRET-APB (FRET- acceptor photobleaching)
approaches are independent of special equipment. Therefore, we chose this simple method
as our first experimental set-up of FRET measurements. Following 30 seconds of recording
the fluorescence intensity of the donor and the acceptor fluorophore, bleaching of the acceptor
was performed for two seconds. Following the bleaching step, the fluorescence of both was
measured for another 30 seconds (illustrated in Figure 2.2 A-B). Since the bleaching of the
acceptor terminates the energy transfer, evaluation of the recovery of donor florescence
intensity after bleaching, allows the calculation of the FRET efficiency of both interaction

partners (exemplified in Figure 2.2 C).
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Figure 2.2: Overview of the principles of FRET measurements by acceptor photo-bleaching (FRET-APB) on the example
of EGFP fused GID1b and mCherry tagged GAIl constructs in mammalian HEK-293T cells. (A) Experimental set-up of FRET-
ABP measurements performed in this report. After 30 seconds of constant measurement of the fluorescence-intensity, the laser
power of the 561 nm laser was raised up to 100 percent, bleaching the mCherry fluorescence in the area of the red rectangle
(ROI). After two seconds of bleaching, fluorescence was measured for another 30 seconds. To calculate the efficiency of the
FRET-APB measurement, the average fluorescence of the five seconds before and after bleaching were compared to each other.
(B) Image of a mammalian HEK-293T cell, expressing EGFP-GID1b and NLS-mCherry-GAl, before (left) and after (right) the
bleaching step of a FRET-APB measurement in the region of interest (ROI). (C) Visualization of exemplary fluorescence intensities
of EGFP (green) and mCherry (red) before and after bleaching of the mCherry acceptor fluorophore in case of FRET between
both fluorophores, within a regular FRET-APB measurement. (D) lllustration of the GA-dependent FRET measurement of a
DELLA-mCherry and a GID1-EGFP protein. In the absence of GA, both proteins do not interact and are not localized within a
close proximity to each other. No radiation free energy transfer occurs. Upon supplementation of GA, both proteins interact to
each other, generating a close proximity of EGFP and mCherry, inducing energy-transfer from the donor fluorophore EGFP to the
acceptor fluorophore mCherry. FRET highly depends on the spectral overlap of the emission spectrum of the donor fluorophore
and the excitation spectrum of the acceptor, as well as the distance and the orientation of both fluorophores to each other. This
figure and the figure legend are adapted from the manuscript of Blomeier et al., 2021b, Appendix 7.1.1.

For the optimization of constructs in terms FRET efficiency, reliability and time-consumption of
the measurements, extensive characterization of the quantitative FRET efficiency of a plurality
of construct combinations was performed. As FRET is highly influenced by independent factors
like the proximity and flexibility of the individual components within the constructs or the
environment in the artificially induced protein localizations (illustrated in Figure 1.8), different
localization strategies, as well as N- and C-terminal fusion of fluorescent protein with varying

linkers lengths were compared. For simplification of the time demanding process of construct
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optimization, only constructs containing the GA receptor GID1b and the DELLA protein GAI
were examined (Figure 2.3 A-D). The cumulative result of the characterization revealed a
nuclear localization strategy of GAl as beneficial for the measurements by increasing the FRET
efficiency compared to the non-tagged variant. Accumulation of the protein inside of the
nucleus created a strong and evenly distributed signal accelerated the measurement while it
decreased the variance of the measured FRET efficiencies, when compared to the membrane-
recruited variant (CAAX prenylation sequence). Comparisons between the different linker
lengths connecting GAIl or GID1b to the fluorescent protein and fusion sites thereof, as well
the exchange of the fused fluorescent proteins EGFP and mCherry, identified the combination
of EGFP-GID1b with a two amino acid linker with NLS-mCherry-GAl with a nine amino acid
linker as the FRET pair with the strongest measured dynamic range between FRET efficiencies
in the GAs-AM induced and the DMSO control condition (Figure 2.3 A-D). The emerging
construct combination of EGFP-2aa-GID1 and NLS-mCherry-9aa-GAl was subsequently
analyzed on its induction kinetics and sensitivity to the treatment with GAs-AM. While hormone
incubation of 4 hours led to the strongest generated FRET efficiency (Figure 2.3 E), we
detected FRET down to a sensitivity of 1 nm GAs-AM (Figure 2.3 F).

As previously for the MxH experiments, interactions of all three proteins involved in GA
perception-dependent signaling events were analyzed on possible PPIs. Here, no FRET effect
was measured for the respective interactions of GAl or GID1b with SLY1, and supplementation
of the third component did not induce any measurable rise in FRET efficiency. Moreover, the
FRET efficiency of the GAI-GID1b pair was not increased by addition of SLY1 (data not shown,
see Appendix 7.1.1).
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Figure 2.3: Comparison of apparent FRET efficiencies between fluorescently-tagged GAIl and GID1b protein constructs
in mammalian HEK-293T cells. (A) FRET-APB measurements of N- or C-terminally EGFP-tagged GID1b fusion proteins in co-
transfection with N- or C-terminally mCherry-tagged GAI fusion proteins in the absence (grey bars) or presence (black bars) of
GAs-AM. (B) FRET-APB measurements of N-terminally mEGFP-tagged GID1b, co-transfected with different constructs of
mCherry-GAl-fusions, with or without additional fusion to a localization tag, recruiting the protein to the nucleus (NLS), cytoplasm
(NES) or plasma-membrane (CAAX), after supplementation of DMSO (grey bars) or GAs-AM (black bars). (C) FRET-APB
measurements of N-terminally EGFP-tagged GID1b fusion proteins in co-transfection with N-terminally mCherry-tagged GAI
fusion proteins with different linker length between the fluorescent protein and GAl in the absence (grey bars) or presence (black
bars) of GAs-AM. (D) FRET-APB measurements of N-terminally EGFP- or mCherry-tagged GID1b fusion proteins in co-
transfection with N-terminally mCherry- or EGFP-tagged GAl fusion proteins in the absence (grey bars) or presence (black bars)
of GAs-AM. 24 h after transfection, the cell culture medium was exchanged with fresh medium, supplemented with 0.5 yL DMSO
or 10 uM of GA3-AM solved in DMSO, per well. After four hours of incubation and subsequent fixation of the cells, potential protein-
protein-interactions between GID1b- and GAl-constructs, were measured by bleaching the fluorescence signal of the acceptor-
fluorophore mCherry and monitoring a potential increase in fluorescence emission of the donor fluorophore EGFP (FRET-APB).
Intramolecular fusion of EGFP and mCherry to GID1b served as positive control for FRET, while the single transfection of EGFP-
GID1b was used as negative control. n = 10, error bars represent one standard error of the mean (SEM). Significance was
calculated with a paired students t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (E) Kinetics of FRET-APB measurements of N-
terminally EGFP-tagged GID1b fusion proteins in co-transfection with N-terminally mCherry-tagged GAI fusion proteins in the
absence (grey labels) or presence (black labels) of GA3-AM at different time-intervals after the respective treatment. Intramolecular
fusion of EGFP and mCherry to GID1b served as positive control for FRET. n = 10 error bars represent one standard error of the
mean (SEM). (F) Dose response of FRET-APB measurements of N-terminally EGFP-tagged GID1b fusion proteins in single
transfection (grey labels) or in co-transfection with N-terminally mCherry-tagged GAIl fusion proteins (black labels) after
supplementation of different concentrations of GAs-AM. Intramolecular fusion of EGFP and mCherry to GID1b served as positive
control for FRET in the absence (grey bars) or presence (black bars) of GAs-AM. n = 10, error bars represent one standard error
of the mean (SEM). This figure and the figure legend are adapted from the manuscript of Blomeier et al., 2021b, Appendix 7.1.1.

Lastly, the construct design was transferred to the two other GID1s, GID1a and GID1c (Figure
2.4). All three combination of the respective GID1 with NLS-mCherry-GAl generated a
significant increase in FRET efficiency after supplementation of GA3z-AM to the cell medium
with the strongest measured effect for GID1b (Figure 2.4 A). Further, the live-cell-
measurement of fluorescence lifetime by FRET-FLIM supported these results by revealing the
strongest reduction of fluorescence lifetime for the co-transfection of the EGFP-GID1b donor
and the NLS-mCherry-GAl acceptor (Figure 2.4 B).
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Figure 2.4: Visualization of apparent FRET efficiencies of FRET-APB measurements and visualization of fluorescence
lifetime of fluorescently tagged GID1 fusion proteins in different experimental conditions in mammalian HEK-293T cells.
mEGFP-GID1a, b or ¢ were co-transfected with NLS-mCherry-GAl fusion proteins. Single transfection of EGFP-GID1b served as
negative control, while fusion of GID1b to EGFP and mCherry functioned as positive control for intramolecular energy transfer. 24
h after transfection, the cell culture medium was exchanged with fresh medium (A) or live cell imaging solution (B), supplemented
with 0.5 pL DMSO or 10 yM of GA3-AM solved in DMSO, per well. Four hours later, cells were fixed for FRET-APB measurements
(A) or kept alive for analysis of potential shifts in fluorescence lifetime of mMEGFP-GID1b, caused by interaction with the GAI-
constructs (B). n = 10, error bars represent one standard error of the mean (SEM). Significance in A was calculated with a paired
students t-test (*P < 0.05; **P < 0.01; ***P < 0.001). This figure and the figure legend are adapted from the manuscript of Blomeier
et al., 2021b, Appendix 7.1.1.
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Our microscopy-based approaches strongly support the previously generated information from
the MxH approaches. Here we validated the previously interactions of GAl and GID1a-c to be
hormone-dependent, while we could detect the interaction of GID1b and GAIl down to a
sensitivity of 1 nm GAs-AM. Unfortunately, we could not detect the interaction of SLY1 and any
other component. Here, the distribution of the components within the GA-GID1-DELLA-SLY1

complex might possibly be disadvantageous for fulfilling the requirements for FRET.

Summarized, our results support previous in vitro, other orthogonal in vivo systems like yeast,
or in planta studies reporting the transactivation ability of ARR1 and the influence of DELLAs
on the induction of gene expression (Marin-de la Rosa et al., 2014; Marin-de la Rosa et al.,
2015) and the GA-dependent interaction events during formation of the GA-perception
complex (Griffiths et al., 2006; Nakajima et al., 2006; Suzuki et al., 2009).

The established methods and the orthogonal platform of mammalian cells itself, provide a
system for expression of plant proteins in a crosstalk-reduced environment and offers an in
vivo system for the quantitative reconstruction of:

1.) The recapitulation of transcriptional activation in interplay with other selected plant proteins.
2.) Protein-Protein-Interactions between at least two and up to three expressed factors in a
phytohormone dependent fashion. Two independent methods have been developed and
already demonstrate reliable and comparable recapitulation of the GA-dependent interaction
between DELLA and GID1 proteins, while expanding the current understanding of protein
affinities and the order of the complex formation during GA-perception in a broader and more
quantitative manner.

Since the analysis of these kinds of interaction and transactivation assays are tough to perform
in their natural plant environment, the usage of the orthogonal platform of mammalian cells,
acts as a powerful complementary approach, supporting the understanding of signal

transduction mechanisms in plants.
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3.1.2 Synthetic reconstruction of the phytochrome-PIF interaction network in the orthogonal
system of mammalian cells

Some of the established approaches described in chapter 3.1.1, were adapted for the analysis
of Arabidopsis thaliana phytochrome and PIF interactions in the orthogonal system of
mammalian cells. Despite light-dependent nuclear migration of phytochromes (phys) being
essential for their biological activity and signal transduction in planta, the molecular
mechanisms mediating this process are still poorly characterized. Therefore, the mammalian
platform was used to analyze the nuclear transport mechanism of the phytochromes in
interplay with the PHYTOCHROME INTERACTING FACTORS (PIFs) of the bHLH superfamily
of transcription factors and quantify the relative strength of phy-PIF interactions upon
illumination with red light (660 nm) or in darkness.

In brief, the split transcription factor system based on the bacterial tetracycline resistance
mechanism, previously described by Miiller et al., 2013a, was adapted for studying possible
interactions of the respective full-length proteins of phyA-D in interaction with PIF1-8 after
exposure to red light (660 nm; 20 umol m? s™) or in the dark (Figure 2.5 A). Moreover, the
microscopical approach of Beyer et al., 2015, for analysis of the nuclear transport mechanism
of phyB was expanded to phyA-D. Here, co-transfection with one member of the PIF family
(PIF1-8), was conducted to analyze changes in cellular localization of the phytochromes in the

presence or absence of red light (660 nm; 20 umol m? s™) (Figure 2.5 B).
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Figure 2.5: Overview of used approaches for the analysis of possible phytochrome-PIF interactions in mammalian cells.
(A) Scheme of the mammalian-hybrid detection system, investigating the possible interaction of phytochromes and PIFs in the
presence (M3H) or absence (M2H) of red light of 660 nm. PIFs were N-terminally fused to the DNA-binding tetracycline repressor
(TetR), tethering it to the tetOs operator site on the reporter plasmid. Recruitment of phys, C-terminally fused to the VP16
transactivation domain, recruits the transcriptional activation machinery to the cytomegalovirus minimal promoter (Pcmvmin) and
induces the expression of the secreted alkaline phosphatase reporter gene. (B) lllustration of the microscopic analysis of
localization of phytrochromes and PIFs on the example of phyB. While phyB was fused to mCherry, PIFs were fused to EGFP. In
the dark, the biological inactive PrB conformer of phyB is localized at the cytoplasm of the cell. lllumination with red light of 660
nm induces the photoisomerization of the chromophore PCB and subsequent the conformational change of phyB to its active PfrB
conformer. PfrB is able to bind to PIFs, mediating the nuclear transport of the phy-PIF complex. lllumination with red light or dark
reversion reverts PfrB back to the inactive PrB, interruption the interaction with PIFs.

3.1.2.1 Mammalian-3-hybrid assays for investigation on interaction of phytochromes and PIFs

While the PIF proteins were N-terminally fused to the tetracycline repressor (TetR), binding the
specific tetracycline operator sequence tetO. on the reporter plasmid, phyA-D were fused to
the VP16 transactivation sequence. In case of interaction between PIF and phy, the
transactivation domain recruits the transcriptional machinery to the minimal human
cytomegalovirus immediate early promoter (Pcwmvmin), inducing the expression of the SEAP
reporter gene. In order to analyze phy-PIF combinations, bicistronic vectors containing a
phytochrome fused to VP16 and a PIF fused to TetR, separated by a polioviral internal
ribosome entry site (IRESpyv) were created. This plasmid design allows the initiation of two
independent translations. Since previous studies already demonstrated the functionality of

both proteins in this orientation of fusion (Beyer et al., 2015a), it was not exchanged in this
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part. Our approach enables the quantitative characterization of the conditions and relative
strength of the respective interactions.

Combinations of phyA-D with the eight PIF family members were tested on possible
interactions in presence or absence of red light: 24 h after transfection, the cell medium was
exchanged with fresh medium containing 15 uM phycocyanobilin (PCB). After one hour of
incubation with PCB, the cells were illuminated with red light (660 nm; 20 umol m? s™) or kept
in the dark for 24 hours. Subsequent, 200 pl of the supernatant was transferred to a 96-well
plate and incubated at 60°C for one hour, before the SEAP production was measured in a
micro plate-reader. To guarantee optimal experimental conditions, transfection of the TetR-
VP16 fusion acted as positive control for cellular fitness in both light conditions, while single
transfection of the reporter plasmid served as negative control for indicating the background
activity of the synthetic promoter construct. In both selected experiments the positive controls
generated a strong SEAP production of at least 80 U/L, with similar levels under red light
illumination and in the dark, while the reporter constructs showed minimal activation (Figure
2.6 A and Figure 2.7 A). In the conducted experiments with phyA containing vectors, only the
combinations of phyA with PIF1 and PIF3 lead to a SEAP production above the background
level, with activation in both conditions, under red light illumination and in darkness.
Interestingly, the SEAP production after exposure to red light exceeds the level of the
production in the dark by the factor of two, with a SEAP level of almost 30 U/L for the
combination with PIF1 and around 17 U/L in interaction with PIF3 (Figure 2.6 B). These results
suggest, the interaction of both PIFs and phyA being not strictly limited to the active PfrA
conformer. In case of phyB, red light-dependent interactions with PIF1-3, PIF6 and PIF8 were
observed. Contrary to phyA, no strong SEAP activity was measured in the dark in most cases,
assuming a rather light-specific interaction in all cases. While the combinations with PIF1 and
3 led to an induction of SEAP production after red light illumination, with a total SEAP level of
around 10 U/L, respectively, the weakest red light-induced SEAP production was measured
for the combinations with PIF2 and PIF8. Even though the generated SEAP level after
exposure to red light was at only 2.5 and 3.8 U/L, similar to the levels of combinations with
PIF1 and 3 in the absence of red light, the low activation in darkness below 0.5 U/L generated
an induction fold of around 9 for both combinations. Bicistronic expression of phyB with PIF6
induced the strongest measured SEAP levels after red light illumination of 14.7 U/L, with an

induction fold of 18, compared to the non-illuminated counterparts (Figure 2.6 C).

37



Results and Discussion

o9}
N
<

A 150 == Dark B Dark
B Red I Red
307
o 100 5
=} =}
% % 201
50" ®
107
reporter + + reporter
TetR-VP16 + phyA-VP16  + + + + + ¥ + ¥
TetR-PIF1 +
TetR-PIF2 +
TetR-PIF3 +
TetR-PIF4 +
TetR-PIFS +
TetR-PIF6 +
TetR-PIF7 +
TetR-PIF8 +
207 = Dark
C B Red
157

reporter 0 + + + + + + + +
phyB-VP16 + + + + + + + +
TetR-PIF1 +
TetR-PIF2 +
TetR-PIF3 +
TetR-PIF4 +
TetR-PIFS *

TetR-PIF6 +
TetR-PIF7 +
TetR-PIF8 o

Figure 2.6: Mammalian-3-hybrid experiments analyzing interactions of phytochrome A or B and PIF proteins of A.
thaliana in Chinese hamster ovary cells (CHO-K1). Tetracycline repressor-based split-transcription factor system for analysis
of light-dependent interactions between TetR-PIF and phyA-VP16 (B) or TetR-PIF and phyB-VP16 (C). 50,000 CHO-K1 cells
were seeded in 24-well plates and transfected 24 hours later with a reporter plasmid, containing the human secreted alkaline
phosphatase (SEAP) under control of the human cytomegalovirus minimal promoter, positioned downstream of repetitions of an
operator sequence for TetR (tetO4). (A) A constitutively expressed fusion of both, the DNA-binding domain (TetR) and the Herpes
simplex-derived transactivation domain (VP16) acted as positive control for gene expression, while single transfection of the
reporter was used as negative control for controlling leakiness of the system in the different conditions. For quantitative analysis
of red light-dependent interactions, a bicistronic vector containing the mentioned protein combinations, was co-transfected. 24
hours post transfection, the medium was exchanged by fresh medium containing 15 uM phycocyanobilin (PCB), dissolved in
DMSO. After one hour, the cells were illuminated with red light (660 nm; 20 umol m? s™'; red bars) or kept in the dark (black bars).
Another 24 hours later, SEAP production was quantified using a colorimetric assay. n = 4, error bars represent one standard error
of the mean (SEM).

As observed for the biscistronic expression of phyA and the eight PIFs, combinations with
phyC and D only showed a SEAP production above the background level in the presence of
PIF1 and PIF3. Opposed to phyA, no red light-induced increase in SEAP production was
measured. While the combination of phyC and PIF1 generated a SEAP level of slightly above
10 U/L in both light conditions, bicistronic expression of PIF3 led to a SEAP production of
around 5 U/L after red light illumination and incubation in the dark (Figure 2.7 B). Overall, the
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measured SEAP level of combination of PIF1 and PIF3 with phyD were lower than the one for
co-expression of phyC. Bicistronic expression of phyD and PIF1 led to a SEAP expression of
around 4 U/L in darkness and around 3 U/L after red light. In case of the combination with PIF3
the levels were slightly higher at around 5.5 U/L after incubation in the dark and around 4.5

after exposure to red light (Figure 2.7 C).
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Figure 2.7: Mammalian-3-hybrid experiments analyzing interactions of phytochrome C or D and PIF proteins of A.
thaliana in Chinese hamster ovary cells (CHO-K1). Tetracycline repressor-based split-transcription factor system for analysis
of light-dependent interactions between TetR-PIF and phyC-VP16 (B) or TetR-PIF and phyD-VP16 (C). 50,000 CHO-K1 cells
were seeded in 24-well plates and transfected 24 hours later with a reporter plasmid, containing the human secreted alkaline
phosphatase (SEAP) under control of the human cytomegalovirus minimal promoter, positioned downstream of repetitions of an
operator sequence for TetR (tetO4). (A) A constitutively expressed fusion of both, the DNA-binding domain (TetR) and the Herpes
simplex-derived transactivation domain (VP16) acted as positive control for gene expression, while single transfection of the
reporter was used as negative control for controlling leakiness of the system in the different conditions. For quantitative analysis
of red light-dependent interactions, a bicistronic vector containing the mentioned protein combinations, was co-transfected. 24
hours post transfection, the medium was exchanged by fresh medium containing 15 uM phycocyanobilin (PCB), dissolved in
DMSO. After one hour, the cells were illuminated with red light (660 nm; 20 umol m? s™'; red bars) or kept in the dark (black bars).
Another 24 hours later, SEAP production was quantified using a colorimetric assay. n = 4, error bars represent one standard error
of the mean (SEM).
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3.1.2.2 Confocal fluorescence microscopy studies for analysis of PIF-dependent nuclear
transport mechanisms of phytochromes

The nuclear import mechanisms of the different phytochromes and their light- and PIF-
dependency was the objective of the second part of this study: all PIFs were fluorescently
tagged with EGFP on their C-terminal, while the respective phytochromes were C-terminally
fused to mCherry. Here, the experimental set-up is adapted from Beyer et al., 2015a: 24 h
after co-expression of the single phytochromes and PIFs was performed, the chromophore
phycocyanobilin (PCB) was added to the cultivation medium. After one hour of incubation in
the dark, cells were either illuminated with red light of 660 nm or kept in the dark for another

hour. Subsequent fixation of the cells allowed the confocal imaging of the protein localizations.
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Figure 2.8: Confocal fluorescence microscopy imaging of intracellular localizations of phyA-D fused to mCherry in

EGFP-channel
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mammalian HelLa cells under different light conditions. phyA-D were fused to mCherry and single transfected. 24 h after
transfection, the cell culture medium was exchanged with fresh medium, supplemented with 15 uM phycocyanobilin (PCB). After
one hour of incubation in darkness, half of the samples were irradiated with red light (660 nm; 20 umol m?2s™, 1 h), while the other
half remained in darkness. Subsequent to illumination/darkness, cells were fixed and the subcellular localization of the proteins

was analyzed by confocal fluorescence microscopy. Scale bar, 20 uM.
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With the exception of phyD, all phytochromes indicated mostly cytoplasmatic localization in
both light conditions. However, phyD could be observed in equally distributed expression
patterns all over the cell (Figure 2.8). The signal of all PIF-EGFP fusion indicated a nuclear
localization of the proteins in speckle-like structures of bigger size as for PIF2, PIF3 or PIF6 or
smaller structures as for PIF1, PIF4-5 and PIF7-8. Compared to all other PIFs with strictly
nuclear localization, the expression pattern of PIF7-EGFP was not restricted to the nucleus,
even though the cytoplasmatic signal was much weaker than the one of the nuclear proteins
(Figure 2.9 - 2.12).

In case of phyA, only the co-transfection with PIF3-EGFP led to a red light-dependent nuclear
translocation, generating nuclear speckle-like structures co-localizing with the ones of PIF
(Figure 2.9). All other phyA-PIF combinations did not change the localization of phyA,

independent on the light conditions.
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Figure 2.9: Confocal fluorescence microscopy imaging of intracellular localizations of phyA-mCherry and PIF1-8 fused
to EGFP in mammalian HelLa cells under different light conditions. phyA-mCherry was co-transfected with PIF1-8 fused to
EGFP. 24 h after transfection, the cell culture medium was exchanged with fresh medium, supplemented with 15 yM
phycocyanobilin (PCB). After one hour of incubation in darkness, half of the samples were irradiated with red light (660 nm; 20
pumol m2 s™, 1 h), while the other half remained in darkness. Subsequent to illumination/darkness, cells were fixed and the

subcellular localization of the proteins analyzed by confocal fluorescence microscopy. Scale bar, 20 uM.
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As already described by Beyer et al., co-transfection of phyB-mCherry and PIF3-EGFP was
sufficient for a red light-dependent nuclear transport of the phytochrome. Among all other
remaining PIFs, only the co-transfection with PIF2 led to a similar translocation of phyB: Upon
illumination with red light, the cytoplasmatic phyB-mCherry partially translocated into nuclear
speckle-like structures, which co-localize with the expression pattern of PIF2-EGFP. Co-
transfection with PIF1 or PIF4-8 did not change the spatial distribution of phyB-mCherry within
the analyzed cells (Figure 2.10).
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Figure 2.10: Confocal fluorescence microscopy imaging of intracellular localizations of phyB-mCherry and PIF1-8 fused
to EGFP in mammalian HeLa cells under different light conditions. phyB-mCherry was co-transfected with PIF1-8 fused to
EGFP. 24 h after transfection, the cell culture medium was exchanged with fresh medium, supplemented with 15 uM
phycocyanobilin (PCB). After one hour of incubation in darkness, half of the samples were irradiated with red light (660 nm; 20
pumol m2 s™, 1 h), while the other half remained in darkness. Subsequent to illumination/darkness, cells were fixed and the

subcellular localization of the proteins analyzed by confocal fluorescence microscopy. Scale bar, 20 uM.
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As for phyA, only in co-transfection with PIF3-EGFP a nuclear translocation of phyC-mCherry
was observed. Contrary to phyA, the nuclear colocalization with the speckles / nuclear bodies
of PIF3 appeared independent of the applied light conditions. Subsequent to both, illumination
with red light or incubation in darkness, a nuclear translocation of phyC was monitored. All
seven other phyC-PIF combinations did not lead to any shifts in the distribution of the

fluorescence signal of phyC-mCherry (Figure 2.11).
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Figure 2.11: Confocal fluorescence microscopy imaging of intracellular localizations of phyC-mCherry and PIF1-8 fused
to EGFP in mammalian HeLa cells under different light conditions. phyC-mCherry was co-transfected with PIF1-8 fused to
EGFP. 24 h after transfection, the cell culture medium was exchanged with fresh medium, supplemented with 15 uM
phycocyanobilin (PCB). After one hour of incubation in darkness, half of the samples were irradiated with red light (660 nm; 20
pumol m2 s™, 1 h), while the other half remained in darkness. Subsequent to illumination/darkness, cells were fixed and the

subcellular localization of the proteins analyzed by confocal fluorescence microscopy. Scale bar, 20 uM.
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Since phyD-mCherry already possessed nuclear localization without being co-transfected with
any PIF, a redistribution of its nuclear signal after co-transfection with the respective PIF
constructs was analyzed. Despite all PIF are distributed in bigger or smaller nuclear speckle-
like distributions, only the co-transection of phyD-mCherry and PIF3-EGFP led to the formation
of nuclear phyD-mCherry speckles. In all other cases, the expression pattern of phyD-mCherry

remained evenly distributed within the analyzed cells (Figure 2.12).
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Figure 2.12: Confocal fluorescence microscopy imaging of intracellular localizations of phyD-mCherry and PIF1-8 fused

to EGFP in mammalian HeLa cells under different light conditions. phyD-mCherry was co-transfected with PIF1-8 fused to

EGFP. 24 h after transfection, the cell culture medium was exchanged with fresh medium, supplemented with 15 uM

phycocyanobilin (PCB). After one hour of incubation in darkness, half of the samples were irradiated with red light (660 nm; 20

pumol m2 s, 1 h), while the other half remained in darkness. Subsequent to illumination/darkness, cells were fixed and the

subcellular localization of the proteins analyzed by confocal fluorescence microscopy. Scale bar, 20 uM.
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The combinatorial approach of localization and PPI analysis allows the differentiation between
the possibility of phy-PIF interactions, once both proteins are localized in the same cellular
compartment (mammalian-hybrid approaches, chapter 3.1.2.1), and the ability of the PIFs of
interacting with the respective phys or even transporting them into the nucleus, while being
present in their non-modified localization (microcopy analysis, chapter 3.1.2.2). The results of
both applied approaches are summarized in Table 2.1.

While the mammalian-hybrid approach revealed interactions of all four tested phytochromes
with PIF1, it was not sufficient for nuclear transport of phyA-C. While PIF1 and phyD interacted
in both light conditions in the M3H assays, after red light illumination or after incubation in the
dark, no changes in its already nuclear and cytoplasmatic localization were observed when
co-transfected with PIF1-EGFP. Since PIF1-EGFP did not show distinct nuclear speckle-like
structures, a possible co-localization with phyD-mCherry was hard to identify (Figure 2.12).
PIF3 showed an interaction pattern similar to PIF1: Red light-dependent interaction with phyA-
B and light-independent interaction with phyC-D. Contrary to PIF1, PIF3-EGFP was sufficient
for the red light-dependent nuclear transport of phyA and B fused to mCherry, while phyC-
mCherry displayed nuclear co-localization with PIF3, independent of the light conditions.
Further, the nuclear fraction of phyD-mCherry showed co-localization with PIF3-EGFP.
Although PIF1 and PIF3 were reported to bear both, an APA and an APB domain for binding
phyA and phyB (Zhu et al., 2000; Khanna et al., 2004; Al-Sady et al., 2006; Shen et al., 2008),
our results demonstrate the additional interaction with phyC and phyD. Contrary to phyA and
B, no higher affinity for the Pfr form of phyC and D was observed (Figure 2.7 C and D, Figure
2.11 and Figure 2.12), indicating a red light-independent interaction.

Besides PIF1 and PIF3, only phyB indicated interaction with other PIFs in the experiments
carried out. The mammalian-hybrid experiments additionally revealed red light-induced
interactions with PIF2, PIF6 and PIF8 (Figure 2.6 C). Nevertheless, besides PIF3, only co-
expression of PIF2-EGFP generated a nuclear transport of phyB-mCherry (Figure 2.10).
Since only PIF1 and PIF3 have known phytochrome interaction domains beside the ABP
domain for interaction with phyB, our results support this assumption. Additional events, like
the possible interaction of PIF8 and phyA, as in a previous study (Oh et al., 2020) could not
be observed in our experiments.

While redundancy of the components and interconnectivity with other pathways impede the
analysis of the phy-PIF network in planta, this study might help to decode the behavior of the
single components and their connection more precisely. In case of phyA and B, extensive
studies on their interactome have been performed, but nevertheless isolated interaction
analyses are still rarely seen. Yeast-based approaches reported interactions of phyA with PIF1
and 3, but were only able to use the first 621 amino acids of phyB, since the full-length variant

led to autoactivation in the yeast-hybrid assays (Li et al., 2021).

49



Results and Discussion

With our mammalian-based platform we were able to test the full-length proteins of phyA-D in
combination with all known PIFs. Further we were able to combine the simple interaction
analysis with localization studies, revealing novel insights into the nuclear transport of the
tested phytochromes. This conjointly performed experiments highlight the importance of a
many-sided view on the objective, since interaction might only occur once both proteins are
located in the same compartment, but their nuclear transport is only carried out by a shorter
list of interactors. Nevertheless, the established approaches need subsequent validation in

their native environment.

Table 2.1: Summary of phytochrome interaction and localization studies. Color-fillings of the table cells indicate the light
condition with detectable interaction (A) or nuclear transport / occurrence of nuclear phytochrome speckle-like structures (B). In
case of phyA, an interaction with PIF1 and 3 was monitored after incubation in darkness, which was not as strong as after red

light illumination.

Interaction SEAP-assay

A PIF5 PIF6 PIF7 PIF8
A A
nuclear transport / speckles
B PIF1 PIF2 PIF3 PIF4 PIF5 PIF6 PIF7 PIF8
phyA v/
phyB
phyC
phyD
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3.2 Tools for controlling signaling in plant and mammalian cells

3.2.1 Blue Light-Operated CRISPR/Cas13b-mediated mRNA Knockdown (Lockdown)

This chapter is based on the publication Blomeier et al., 2021a with equal contribution of
Patrick Fischbach, Institute of Synthetic Biology, University of Disseldorf (Appendix 7.1.2) and

represents selected results.

Manipulation of mRNA levels is predominantly performed using inducible RNA interference
(RNAI), short regulatory RNAs, or more recently RNA-targeting CRISPR/Cas systems (Chang
et al., 2016; Unniyampurath et al., 2016). These approaches are very efficient but lack crucial
characteristics, like spatiotemporal control. Optogenetic tools provide these unique properties
by utilizing light to precisely control cellular processes within a complex network. However,
optogenetic tools for the regulation of mMRNA levels are still rarely seen (Vogel et al., 2017;
Weber et al.,, 2019; Pilsl et al., 2020). The here described novel Blue Light-Operated,
CRISPR/Cas13b-Mediated mRNA Knockdown (Lockdown) system, combines optogenetic
control with precise RNA destabilization. Lockdown is composed out of a blue light-inducible
split transcription factor, based on the TULIP system, for expression of the recently identified
type VI Cas-effector PspCas13b (Strickland et al., 2012; Miller et al., 2014a; Cox et al., 2017).
The sequence of PspCas13b was inserted downstream of a minimal promoter and five
adjacent repeats of the GAL4 upstream activating sequence (UASs). In darkness, one part of
the split transcription factor, GAL4 fused to a modified light-oxygen-voltage domain from
phototropin 1 of Avena sativa (AsLOVZ2), binds the UASs on the reporter plasmid, without
activating transcription. The complex harbors a C-term epitope tag, which is covered by the
folded Ja-Helix. Upon illumination with blue light, the Ja-Helix unwinds. The now exposed tag
enables recruitment of ePDZ, which is fused to a transcriptional activation domain (VP16),
activating expression of Cas13b. Guided by a constitutively co-expressed gRNA, Cas13b
targets and cleaves the mRNA of interest. Inversely, after switching off the illumination, the
system rapidly turns off due to the half life time of the excited state of the AsLOV2 domain
(Strickland et al., 2012; Mdller et al., 2014a). Dissociation of the split transcription factor stops

the expression of Cas13b and discontinues mRNA-cleavage (Figure 2.13 A).
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Figure 2.13: Design and characterization of the Lockdown system. (A) Lockdown architecture. The blue light-responsive split
transcription factor, bound to DNA via Gal4, activates expression of the gene encoding Cas13b upon illumination. Blue light
illumination recruits the transcriptional activator VP16 via exposition of a PDZ-interacting epitope embedded in the Ja helix. A
specific gRNA guides Cas13b to cleave a target mMRNA encoding a protein of interest (POI). (B) Co-expression of FLUC-specific
gRNA1 or gRNA2 and their influence on FLUC levels in HEK-293T cells using Lockdown to control the expression of Cas13b.
The cells were either illuminated with 460 nm light for 24 h (blue bars) or kept in the dark (black bars). Values from illuminated
samples were normalized to the corresponding sample kept in the dark. n = 4; error bars represent one standard error of the
mean. (C) Quantification of EGFP expression via qRT-PCR. HEK-293T cells were co-transfected with the blue light switch, Ppck-
EGFP, and Psva-mCherry. An EGFP-specific gRNA was included. lllumination for 48 h was started 4 h post transfection, or cells
were kept in the dark. n = 2; error bars represent one standard error of the mean (SEM). Significance was calculated with a paired
students t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (D) Combined repression of protein levels using Lockdown and Blue-OFF. In
the dark, Lockdown and Blue-OFF are inactive, leading to usual expression levels of target proteins (FLUC). Under blue light,
Cas13b (Lockdown) cleaves the target mRNA, whereas the KRAB-EL222 repressor protein and the B-LID degron (Blue-OFF)
repress FLUC production on the transcriptional and post-translational level, respectively. Under blue light, the Blue-OFF system
acts by recruiting the KRAB repressor to the promoter by binding of EL222 to 5 repeats of the C120 sequence. B-LID is fused to
the FLUC target protein and exposes a RRRG-degron sequence upon illumination, leading to proteasomal degradation. (E)
Combinatorial analysis of the Lockdown and Blue-OFF components shown in D. FLUC bioluminescence was determined from
lysates of HEK-293T cell expressing the indicated components. The gRNAs from Figure A were used. Cells were illuminated with
460 nm light for 24 h, or kept in the dark. Values were normalized to the corresponding dark sample. n = 4, error bars indicate
one standard error of the mean. (F) Guided by a hCDK1-specific gRNA, Cas13b binds to the mRNA of hCDK1 for subsequent
cleavage. hCDK1 cannot operate at the G2 checkpoint, inducing the transition from G2 to mitosis, causing a G2-arrest and no
proliferation of the transfected cells. (G) HEK-293T cells were transiently transfected with the constitutively expressed Cas13b or
the Lockdown system and in combination with one of two hCDK1-specific gRNAs, respectively. 4 h post transfection, the cells
were either illuminated with 10 umol m2 s™' of blue light of 460 nm (blue bars) or kept in dark conditions (black bars) for 24 h. Cells
were detached from the cell culture plate and measured for total number of cells with a CASY counter (automated cell counting
device). The relative reduction of total cells of each transfection set-up were calculated, comparing the mean number of cells
grown in dark conditions to cells illuminated with 10 ymol m2 s™' of blue light of 460 nm. The error bars represent the standard
error of the mean, n = 4. One-way analyzes of variance (ANOVA) were performed with p < 0.01. Reprinted (adapted) from Blomeier
et al., 2021a (Appendix 7.1.2).

As a proof of principle, two gRNAs targeting the firefly luciferase (FLUC) were designed and
co-expressed with a SV40-promoter driven FLUC in human embryonic kidney cells (HEK-
293T), respectively. Using Lockdown in combination with each gRNA, comparable results were
obtained: In the presence of blue light (10 umol m? s™ at 460 nm, 24 h), the FLUC-levels were
reduced to about 20 percent, compared to levels of cells kept in dark (Figure 2.13 B).
Experiments with the constitutively expressed Cas13b (data not shown, see Appendix 7.1.2),
suggested Lockdown to function in a similar range as the constitutively active variant (Cox et
al., 2017).

In order to show the functionality of Lockdown on the mRNA level, quantitative real-time PCR
was performed to quantify mRNA cleavage of the fluorescent protein EGFP (Figure 2.13 C).
Therefore, HEK-293T cells were transfected with EGFP, constitutively expressed from a PGK
promoter, an EGFP-specific gRNA and Lockdown. Further, co-transfection of mCherry was
carried out to demonstrate gRNA-specificity. 24 h post transfection, the cells were either
illuminated with 10 ymol m? s of blue light (460 nm) or kept continuously under dark
conditions. In absence of a respective gRNA, light-dependent reduction of the EGFP level
could not be detected. In contrast, combination of gRNA1 and Lockdown, significantly reduced
the EGFP signal in blue light conditions, while the mRNA level of mCherry remained
comparable to the one under dark conditions. In summary, a reduction of the EGFP-level was

monitored, while the level of mCherry remained consistent throughout both conditions,
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indicating a blue light-dependent and gRNA-sequence-specific knockdown of the chosen
mRNA.

Even though the gene expression process includes diverse steps from initiation of gene
transcription to messenger RNA and finally its translation to the final protein (Crick, 1970;
Fellmann et al., 2017), methods for protein down-regulation predominantly target only one of
the mentioned processes. Hence, targeting multiple processes could increase the efficiency of
reducing the expressed amount of the protein of interest. For this purpose, Lockdown was
combined with the recently published optogenetic Blue-OFF system for blue light-induced dual-
controlled downregulation of protein levels (Baaske et al., 2018; Fischbach et al., 2020) for
conjointly accomplishing reduction of protein abundance on three regulatory stages. The Blue-
OFF system functions on the level of inhibition of transcriptional initiation with the light-
activated KRAB-EL222 repressor module and protein degradation by fusion of a blue light-
inducible degradation domain (B-LID) to the protein of interest. Combined, the system
immensely reduces the amount of targeted protein, but does not target the already transcribed
mRNA. The combination of Blue-OFF and Lockdown could potentially reduce the level protein
of interest down to minimum by simultaneously repressing the initiation of its expression,
targeting and cleaving its MRNA and degrading the protein itself (Figure 2.13 D).

At first, HEK-293T cells were transfected with a B-LID fused FLUC and incubated in darkness
for 24 h, followed by 24 h of illumination with 10 umol m?s™ at 460 nm. The relative FLUC
expression of cells illuminated with blue light was decreased down to 10 % compared to cells
kept under dark conditions. Co-transfection with KRAB-EL222 enabled assembly of the full
Blue-OFF system, which should inhibit initiation of the Firefly-B-LID expression (Baaske et al.,
2018). This combination reduced the relative expression of the protein down to only 3.3 % after
illumination with blue light. While co-transfection with single components of Lockdown did not
further decrease the measured protein levels, a combination of FLUC-B-LID and Lockdown
with any of the gRNAs, reduced the relative protein levels down to 5 % upon blue light
illumination, compared to non-light-treated cells. To analyze the additive effect of all previously
mentioned modules, the full Blue-OFF system and Lockdown with each of the designed gRNAs
were co-transfected. Combining the individual tool features to down-regulate protein levels,
moreover decreased the measured relative reporter expression to around 1 % of the detected
level in the dark (Figure 2.13 E).

To demonstrate the functionality of the system to be able to knockdown endogenous mRNA,
the human cyclin-dependent kinase 1 (CDK1) was selected for blue light-inducible mRNA
downregulation. The Cdk-family of kinases is one of the main regulators of integrating external
and internal stimuli for modulating expression of genes and cell division (Morgan, 1997;
Malumbres and Carnero, 2003; Lim and Kaldis, 2013; Malumbres, 2014; Leopold et al., 2018).

Cdk1 plays a superior role at the checkpoint of coordinating the transition from G2-phase into
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mitosis (Malumbres and Barbacid, 2009; Malumbres, 2014; de Gooijer et al., 2017; Prevo et
al., 2018). Inhibition of Cdk1 in human cells discontinues the cell cycle through a G2/M arrest,
while most proteins connected to the control of Cdks are related to tumor development, making
the manipulation and understanding of these regulators of cell proliferation of highest interest
(Malumbres and Carnero, 2003). In order to be able to manipulate the cell cycle by down-
regulating the mRNA of endogenous hCDK1 in a highly spatiotemporal resolution, HEK-293T
cells were co-transfected with one of two designed hCdk1 targeting gRNAs and Lockdown
(Figure 2.13 F). Four hours after transfection the cells were illuminated with 10 pmol m2s™ at
460 nm for 24 h or kept under dark conditions. The combination of Lockdown and each of the
gRNAs led to significantly decreased total cell count, when exposed to blue light (Figure 2.13
G), indicating the applicability of Lockdown for the blue light-dependent down-regulation of
mRNA of endogenous genes. Since this approach does not require further protein engineering
and simply relies on a suitable gRNA design, this strategy can be easily transferred to any
other endogenous protein of interest.

In conclusion, the Lockdown system provides highly spatiotemporal regulation of transcription
by providing optogenetic control of expression of PspCas13b and degradation of RNA,
accordingly. Further it can be combined with other systems for synergistic downregulation of
protein and mRNA levels. Lockdown can be reprogrammed precisely for targeting any mRNA

of interest (exogenous or endogenous) by designing a sequence-specific gRNA.
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3.2.2 UV-B light-inducible system (UV-Bon) for the control of gene expression in A. thaliana
mesophyll protoplasts
This chapter is based on Blomeier et al., 2021c, in preparation (Appendix 7.1.3) and represents

selected results.

Since the continuing exposure to daylight is indispensable for the life cycle of plants,
optogenetic systems for application in plants or plant systems need to bypass the activation
by daylight. Applied examples are the strict activation by a single range of wavelengths, while
exposure to white light deactivates the systems, as for PULSE (Ochoa-Fernandez et al., 2020)
or using light of a wavelength with minimal interference to the plants photoreceptors like the
CarH-based system, which is inactivated by green light and only active in the dark (Chatelle et
al., 2018). For the purpose of expanding the toolbox of optogenetic switches for application in
plant systems, we repurposed a UV-B responsive split transcription factor system, based on
the interaction of A. thaliana UV-B photoreceptor UVR8 and COP1 for application in
mammalian cells (Muller et al., 2013b), for functionality in plant systems. As plant protoplasts
offer a platform for the fast and reliable prototyping, which has extensively been applied for
plant synthetic biological approaches (Schaumberg et al., 2016; Lin et al., 2020; Ochoa-
Fernandez et al., 2020; Lin et al., 2021), we characterized our system in this platform.

In the absence of UV-B, UV RESISTANCE LOCUS 8 (UVR8) homodimerizes, while exposure
to UV-B disrupts the dimerization (Rizzini et al., 2011). The now monomeric UVRS8 is the active
conformer and enables interaction with the E3-ubiquitin ligase CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1). Point of the interaction is the conserved WD40 domain
(residues 336-674) of COP1 (Favory et al., 2009). Mediated by direct interaction with
REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1) and RUP2, UVRS8
homodimerizes again in the dark, inhibiting the interaction with COP1 (Gruber et al., 2010;
Heijde and Ulm, 2013). Since mammals have a counterpart of COP1 with 50 % similarity, only
the WD40-domain of COP1, necessary and sufficient for interaction with UVR8 (Rizzini et al.,
2011) was used in the previous study. To avoid any interaction with endogenous pathways,
the truncated version of UVRS8, with removed N- and C-terminal tails, was utilized. In order to
create a UV-B light inducible split transcription factor system, COP was C-terminally fused to
a transactivation domain (VP16), while UVR8 was bound to the DNA-binding macrolide
repressor (E) on its N-terminal. E is bound to a specific DNA-motif (erythromycin resistance
operator; etrs) on the reporter plasmid, containing the reporter gene under control of a minimal
human cytomegalovirus immediate early promoter (Pncmvmin). In the dark, UVRS8
homodimerizes without activating gene expression. Upon illumination with light of the UV-B
range of wavelengths, UVR8 monomerizes and is able to interact with COP1, generating close

proximity of VP16 to the minimal promoter. Subsequent, the transcriptional machinery is
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recruited, inducing expression of the reporter gene. Reconversion of UVR8 to the
homodimerized state in the absence of UV-B terminates the gene expression.

In order to adapt the switch designed for usage in mammalian cells, E-UVR8 and COP1-VP16
were expressed under control of the CaMV35S promoter, functioning in A. thaliana. Further,
the SEAP reporter gene was exchanged by the highly sensitive Firefly luciferase (FLUC; Figure
2.14 A). To avoid influence of light from other wavelengths than UV-B, a filter glass with an
emission spectrum of 260 — 390 nm, was placed between the light source and the protoplasts.
A. thaliana mesophyll protoplasts were isolated and transformed as described (Ochoa-
Fernandez et al., 2016). Transformation with the indicated components was followed by four
hours of incubation in the dark and by another 18 hours of illumination with light of 311 nm (7
umol m? s™") or incubation in the dark. Co-transformation of a constitutively expressed renilla
luciferase (RLUC) served as normalization element. After exposure to the described light
conditions, luciferase activity was determined by calculating the FLUC/RLUC ratio.

At first the original switch with the required changes for application in plant cells was tested.
While a fusion of E-VP16 acted as positive control of the E-based system, single
transformation of the reporter plasmid was used for determining the background activation of
the synthetic promoter. Further, both proteins were fused to a nuclear localization,
guaranteeing the nuclear abundance of all needed components, to compare their function.
Nuclear localization of UVR8 reduced leakiness in combination with both variants of COP1,
but also decreased the activity of the system in UV-B illumination. Both combinations
possessed a comparable dynamic range between protoplasts kept in the dark and UV-B
exposed counterparts of 16- and 13-fold, respectively. The UVRS8 variant without NLS showed
stronger activation in co-transformation with the non-tagged COP1, with comparable induction
fold of 13x, while co-expression of COP1-VP16-NLS led to a weaker activation of the system
in UV-B, with the lowest measured induction fold of 8.

Since the non-tagged variant of UVR8(12-381) displayed the strongest UV-B induced
activation, a full-length version of UVR8 was further compared to the truncated version. In
relation to the previously described combinations, co-transformation of the complete UVR8
protein and both COP1 version, led to a much stronger activation of the system with induction
folds of 38 (COP1-VP16) and 28 (COP1-VP16-NLS) (Figure 2.14 B).

Since previous studies reported the homodimerization of UVR8 in darkness to be promoted by
RUP1 and RUP2 (Gruber et al., 2010; Heijde and Ulm, 2013), functionality of the system in
protoplast isolated from wild type (Col-0) plants was compared to rup1/rup2 double mutant
protoplasts. Interestingly, the combinations of COP1 with the full length UVR8 generated even
stronger induction folds as in the wild type background (data not shown, see Appendix 7.1.3).
Nevertheless, the functionality of the system was not drastically improved, leading to the

decision of continuing the characterization of the system in the wild type background.
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Figure 2.14: Mode of function and characterization of the UV-B light-induced gene expression system (UV-Bon) for
application in A. thaliana protoplasts. (A) Mode of function. Under dark conditions, UVR8 dimers fused to the macrolide
repressor E are bound to the octameric etrs operator sequence on the reporter plasmid without activating gene expression. Upon
illumination with UV-B light (311 nm) dimerization of UVR8 is disrupted by conformational change of UVRS to its open state. The
open, non-dimerized state is able to bind to COP1(WD40) and recruits it to the reporter plasmid. COP1(WD40) is fused to the
VP16 transactivation domain, now in close proximity to the minimal promoter, initiating gene expression of the firefly luciferase
(FLUC) reporter gene. In absence of UV-B illumination, UVR8 spontaneously reverts back to the closed state, terminating the
gene expression (adapted from Miller et al., 2013b). (B) Characterization of the UV-B inducible gene expression system in wild
type protoplasts of A. thaliana. Protoplasts were isolated and transformed with the indicated components. After transformation
and four hours of incubation in the dark, protoplasts were exposed to light of 311 nm (7 umol m? s™) for 18 hours (purple bars) or
kept in the dark (black/grey bars) before the FLUC expression, normalized to constitutively expressed renilla luciferase (RLUC),
was determined. n = 4, error bars indicate one standard error of the mean (SEM). (C) Kinetics of the UV-B inducible gene
expression system (UV-Bon). Protoplasts were isolated and transformed with E-UVR8 and COP1(WD40)-VP16 and the reporter
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plasmid (etrs-Pcmvmin-FLUC). After transformation and four hours of incubation in the dark, protoplasts were exposed to light of
311 nm (7 umol m? s™") or kept in the dark for the indicated time intervals, before the FLUC expression, normalized to constitutively
expressed renilla luciferase (RLUC), was determined. Values were normalized to the corresponding dark sample. n=4, error bars
indicate one standard error of the mean (SEM). (D) Characterization of the UV-B light-induced gene expression system (UV-Bon)
for application in A. thaliana protoplasts in different light conditions. Protoplasts were isolated and transformed with the indicated
components. After transformation and four hours of incubation in the dark, protoplasts were exposed to light of 311 nm (7 pmol
m2 s™'; purple bars), white light (10 umol m™2s™" for the following wavelength ranges: blue 420490 nm, red 620-680 nm, and far-
red 700-750 nm white bars), blue light of 460 nm (5 umol m s™'; blue bars), red light of 660 nm (5 umol m?2 s, red bars) for 18
hours or kept in the dark (black bars) before the FLUC expression, normalized to constitutively expressed renilla luciferase
(RLUC), was determined. n = 4, error bars indicate one standard error of the mean (SEM). (E) Characterization of the UV-B light-
induced gene expression system (UV-Bon) for application in A. thaliana protoplasts after different incubation conditions.
Protoplasts were isolated and transformed with the indicated components. After transformation and four hours of incubation in the
dark or under ambient light, protoplasts were exposed to light of 311 nm (7 umol m? s"; purple/rose bars) for 18 hours or kept in
the dark (black/grey bars) before the FLUC expression, normalized to constitutively expressed renilla luciferase (RLUC), was
determined. n = 4, error bars indicate one standard error of the mean (SEM). This figure and the figure legend are adapted from
the manuscript of Blomeier et al., 2021c, Appendix 7.1.3.

Induction kinetics of the system further evaluated the dynamics of the UV-Bon system (Figure
2.14 C). Here, the UVR8-COP1 combination with the biggest dynamic range, composed of the
full length UVR8 and COP1-VP16, was transformed and revealed no activation of the systems
in the first three hours of illumination, while the peak of activation seemed to be reached after
18 hours. A longer exposure to pure UV-B light might have influence on the fitness of the
protoplasts.

In a following experiment the influence of light from other wavelengths on the induction of the
described UV-Bon system was evaluated (Figure 2.14 D). Therefore, the protoplasts were not
only exposed to light of 311 nm, but additionally to simulated white (10 pmol m™s™" for the
following wavelength ranges: blue 420-490 nm, red 620-680 nm, and far-red 700-750 nm,
see Ochoa-Fernandez et al., 2020), red (660 nm; 5 ymol m? s™") and blue light (460 nm; 5
umol m? s™). The duration of illumination was, as before, 18 hours, after 4 hours of incubation
in the dark. In the described experiment, all other light conditions had an effect on the fitness
of the protoplast, since the E-VP16 held a lower RLUC/FLUC ratio than protoplast kept in the
dark, with the lowest measured value in white light. While the reporter alone did not indicate
any changes in RLUC/FLUC ratios in all tested light conditions, illumination with UV-B led to
an induction in RLUC/FLUC ratio of 15-fold for the UVR8-COP1 switch, compared to
protoplasts kept in darkness. The three other light conditions led to no induction of the system,
when compared to protoplasts of the control group, kept in the dark.

After fitting an ordinary differential equations (ODE) model to our obtained data from the
kinetics experiment, we hypothesized endogenous COP1 to potentially inhibit the interaction
of our E-UVR8 and COP1(WD40)-VP16 split transcription factor (data not shown, see
Appendix 7.1.3). To test our hypothesis, protoplasts of the same transformation were analyzed
on the influence of incubation in ambient light before exposure to UV-B light, in order to reduce
the possible inhibitory effect of nuclear COP1 in darkness (von Arnim and Deng, 1994; Lau
and Deng, 2012; Pacin et al., 2014; Yin et al., 2016). Here the previously applied incubation

in darkness was compared to incubation under ambient light conditions in a growth chamber.
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Since the protoplasts were from the same round of transformation as in the experiment
diagrammed in Figure 2.14 D, the values of protoplasts incubated in darkness are the same.
Interestingly, incubation under ambient light conditions increased the overall fitness of both,
protoplasts subsequently kept in the dark, or UV-B exposed counterparts. It also led to a higher
induction of the UV-B induced system from 15-fold after incubation in darkness, to 22-fold after
incubation under ambient light conditions (Figure 2.14 E).

Summarized, we have successfully developed an UV-B responsive optogenetic switch for the
use in A. thaliana mesophyll protoplasts cells by adapting the design of the UVR8-COP1 based
system, previously described in mammalian cells. We further improved the dynamic range of
the system by exchanging truncated versions of UVRS8 with the full-length variant of UVR8
(Figure 2.14 B). Since the switch was not activated by any other tested light condition (Figure
2.14 D), the autonomy from another “OFF-module” for deactivation of the gene expression
under other light conditions than UV-B and the thereby simpler organization and smaller size
of the system, could be a benefit compared to other systems like PULSE (Ochoa-Fernandez
et al., 2020). In addition, combination of UVR8on with other light-responsive modules like the
Redon or the BLUEorr switches (Miller et al., 2014b; Ochoa-Fernandez et al., 2016; Ochoa-
Fernandez et al., 2020) could expand the range of applications for multichromatic control of
gene expression in plant systems. Further, we applied mathematical modeling to our obtained
results, which led to the attempt of incubation our protoplasts in ambient light, which ultimately
even indicated beneficial effects on protoplast fithess and induction of our system. Simple
filtration of light of the UV range of wavelength might further allow the expression of the system
in full plant systems, growing under ambient light conditions without activation of gene
expression. Nevertheless, subsequent experiments of the functionality of UV-Bon in ambient
light conditions with supplemented UV-B irradiation need to be performed. However, the
transfer of the system into stable plant lines expressing the switch will be needed to test if the

indicated characteristics of the systems can be transferred from protoplasts to full plants.
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4 Conclusion

This work combines the establishment and characterization of synthetic biology approaches
for the (quantitative) analysis, control or manipulation of signaling processes in (orthogonal)
mammalian and plant systems:

First, we adapted and redesigned various systems for analyzing protein-protein-interactions or
protein-DNA-interactions originating from plants, in an orthogonal mammalian cell system.
Isolated from their highly complex, redundant and intertwined signaling networks in plants, the
behavior of single components and their interplay could be monitored in a quantitative manner.
Among them, M1H to M4H systems were exemplary established on the gibberellin perception
mechanism of A. thaliana and associated downstream signaling processes. Interactions of the
corresponding proteins were tested on their phytohormone-dependency, while different
configurations of the system helped to understand the complex-formation during GA-
perception. Further, transcription factors were tested on their binding to specific DNA
sequences and their ability of activation gene expression. (Quantitative) microscopy
approaches were established for supporting the previously collected information on PPl in a
highly sensitive manner and enabled monitoring localization and possible translocation of the
respective proteins.

The established approaches were subsequently utilized for investigation on the phytochrome-
PIF-interaction network. Here, we combined interaction analyses between phys and PIFs with
M3H approaches and microscopical studies of possible PIF-mediated nuclear transport
mechanisms and their dependence on red light. For the first time, full sets of isolated interaction
and localization studies of phyA-D with all known PIFs were performed, giving new hints on
these complex light- and localization-dependent signaling events. They could help to
understand their function and role within signaling networks in the future.

Second, novel optogenetic tools were designed and characterized for their functionality in
mammalian and plant systems. We developed the Lockdown system for spatiotemporal control
of degradation of the exo- or endogenous RNA of choice, by using a blue light-responsive
optogenetic switch (AsLOV2-ePDZ) for expression of the RNA-processing PspCas13b.
Further, Lockdown was combined with other blue light-inducible switches for the triple-
controlled downregulation of protein levels by inhibition of the transcriptional initiation, protein
degrading and mRNA cleavage.

Finally, we engineered a UV-B light-induced optogenetic switch (UV-Bon) for usage in A.
thaliana mesophyll protoplasts on the base of UV-B induced interaction of COP1 and UVRS.
Being activated exclusively by light of the UV-B range of wavelengths, this switch could be
transferred for usage in full plants, growing under ambient light conditions with filtered UV-B

irradiation in the future.
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5 Materials and Methods

5.1 Mammalian cell experiments

5.1.1 Plasmid generation/construction

Plasmids and Oligonucleotides designed and constructed in the frame of this thesis are listed
in Table 5.1 and 5.2

5.1.2 Mammalian cell cultivation and transfection

All experiments are based on transient plasmid transfection of the respective mammalian cells.
human embryonic kidney cells (HEK-293T; DSMZ, Braunschweig, Germany), human
epithelioid cervix carcinoma cells (HeLa; DSMZ, Braunschweig, Germany) and Chinese
hamster ovary cells (CHO-K1; DSMZ) were cultivated seeded and transfected as described
before (Miiller et al., 2013b; Beyer et al., 2015a). Cells were either transfected in 24-well (5x10*
cells) or 96-well (8x10° cells) plates using polyethyleneimine (PEI; Polysciences Inc. Europe,
Hirschberg, Germany; no. 23966-1). If not indicated otherwise, all plasmids were transfected

in equal amounts (w/w).

5.1.3 Phytohormone experiments

The GA substrate Gibberellic Acid Acetoxymethyl Ester (GAs-AM) was obtained from Santa
Cruz Biotech (Dallas, USA). 24 h post transfection the cultivation medium was exchanged with
fresh cultivation medium, either containing 10 uM of GAs-AM (if not indicated otherwise) or the
equal amount of DMSO. Hormone incubation was performed for 24 h for SEAP reporter assays
and for 4 h for microscopy experiments (if not indicated otherwise). As described in the

manuscript of Blomeier et al., 2021b (Appendix 7.1.1).

5.1.4 Light experiments in mammalian cells

In order to prevent the cell samples from unintended activation of the light-sensitive systems,
work was performed under safe light conditions (522 nm). 24 h post transfection, mammalian
cells were illuminated using custom-built LED light-boxes housing LEDs of the respective
wavelengths (460 nm for blue light experiments and 660 nm for red light experiments) for the
indicated periods of time with a light intensity of 10 (blue) or 20 (red) pmol m2 s™ or kept in
darkness (typically for 24 h, unless indicated otherwise). 96-well experiments of Appendix 7.1.2

were done in optoPlate-96 illumination devices (Bugaj and Lim, 2019; Thomas et al., 2020).
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5.1.5 SEAP reporter assay

SEAP production of the respective cells was performed as described elsewhere (Miller et al.,
2013a). In brief, 24 h after light exposure or hormone induction, samples were heat-inactivated
and transferred to 96 well assay plates. After supplementation of SEAP buffer (20 mM L-
homoarginine, 1 mM MgCI2 21 % (v/v) diethanolamine), 20 pyL of 120 nM para-
Nitrophenylphosphate (pNPP, Sigma-Aldrich, St. Louis, USA) were added, before the
absorbance was measured at 405 nm for one hour using a BMG Labtech CLARIOstar (BMG
Labtech GmbH, Orthenberg Germany). Determination of the SEAP activity [U/L] was
performed by calculating the slope of the absorbance values [OD/min] using Lambert-Beer’s-

law:

E = increase in optical density/para-nitrophenolate per minute
€=18,600 M'cm™’

d= length of the light path [cm], 0.6 cm

% = amount of SEAP-containing supernatant / dilution factor of the sample.

5.1.6 Fixation and imaging of mammalian cells

Cells were seeded on glass coverslips and fixed with paraformaldehyde after the experiment
was performed as described in Blomeier et al., 2021a (Appendix 7.1.2) and elsewhere (Beyer
et al., 2015a)

5.1.7 Microscopy

Confocal imaging was performed with an Eclipse Ti microscope (Nikon, Tokyo, Japan)
equipped with a C2plus confocal laser scanner and a 20x air objective, NA=0.45 or a 60x oil
objective NA=1.40 as described in Blomeier et al., 2021a (Appendix 7.1.2) and the manuscript
of Blomeier et al., 2021b (Appendix 7.1.1). EGFP and mCherry fluorescence were visualized
using an excitation laser of 488 and 561 nm and emission filters from 505-545 and 570-620

nm, respectively.

5.1.8 FRET-APB experiments

FRET-APB measurements were operated with the NIS elements software (Nikon, Tokyo,
Japan) using a laser power of 0.1 % of the 488 nm laser and 0.5% for the 561 nm laser to
avoid acquisition bleaching of the fluorophores before bleaching, as described in the

manuscript of Blomeier et al., 2021b (Appendix 7.1.1). The FRET efficiency was calculated by
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analyzing the percentage of relative changes in EGFP intensity before and after bleaching
(EFRET = ((EGFPafter'EGFPbefore) / (EGFPafter))*100).

5.1.9 FRET-FLIM experiments

FRET-FLIM measurements were performed using a LSM 780 confocal laser-scanning
microscope (Zeiss, Oberkochen, Germany) equipped with a single-photon counting device
(PicoQuant Hydra Harp 400, PicoQuant, Berlin, Germany). HEK-293T cells were seeded into
chambered 4-well glass bottom dishes, while cells were live-imaged covered with a live-cell
imaging solution (Thermo fisher) as described in the manuscript of Blomeier et al., 2021b
(Appendix 7.1.1).

5.1.10 Luminescence analysis of mammalian cell experiments

Firefly luciferase assays were performed as described in Blomeier et al. 2021a, (Appendix
7.1.2). The cells were lysed and incubated as previously described (Baaske et al., 2018), with
the exception of cells grown in 96-well plates. Here, the supernatant was removed and the
substrate was directly added to the cells without prior cell lysis. For detection of Luminescence
a Centro XS3 LB960 Microplate Luminometer (Berthold Technologies, Bad Wildbad,

Germany) was used.

5.1.11 Quantitative real time PCR

RNA isolation, conversion of RNA to cDNA and qRT-PCR experiments were performed as

described in Blomeier et al., 2021a (Appendix 7.1.2)

5.1.12 Western Blot

Western Blot experiments for the detection of EGFP and Actin were performed as described
in Blomeier et al., 2021a (Appendix 7.1.2)

5.1.13 Cell proliferation assays

For cell proliferation assays, HEK-293T cells (30,000 cells) were seeded, transfected and
illuminated as described above. On the next day, cells were detached from the cultivation plate,
before the cell concentration was determined with a Cell counter CASY (OMNI Life Science,

Bremen, Germany) as described in Blomeier et al., 2021 (Appendix 7.1.2).
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5.1.14 Statistics

Ordinary one-way ANOVAs and student’s t-tests for determination of statistical significance
were performed with GraphPad Prism 7 for Mac Os X version 10.13.1. Statistical outliers were

determined and excluded as described elsewhere (Jacobs and Dinman, 2004).

5.2 Protoplast experiments

5.2.1 Protoplast isolation and transformation

Preparation of seedlings, plant growth conditions, protoplast isolation and transformation was
performed as described by Ochoa-Fernandez et al., 2016. A total of 40 ug of DNA was
transformed with ratios of 15 pug for COP1 and UVRS8 containing plasmids, respectively and
7.5 g of the etrs-Phcmvmin-FLUC reporter, as well as 2.5 ug of the RLUC containing plasmid for

normalization of FLUC luminescence.

5.2.2 UV-Light experiments in protoplasts

UV-B light experiments were performed as described in the manuscript of Blomeier et al.,
2021c. 800 pL of each transformation set-up was transferred to a 24 well plate and incubated
for 4 hours under the respective conditions. Afterwards, protoplasts were illuminated with light

of 311 nm (UV-B) or kept in darkness (typically for 18 h, unless indicated otherwise).

5.2.3 Luminescence analysis of protoplast experiments

The luminescence analysis of the protoplast experiments was performed as described in the
manuscript of Blomeier et al., 2021c. Firefly and renilla luminescence were measured in a
Centro XS3 LB960 Microplate Luminometer (Berthold Technologies, Bad Wildbad, Germany).

5.2.4 Light source and illumination conditions

As described in the manuscript of Blomeier et al., 2021¢, UV-B illumination of protoplast
samples was performed with a UVB narrowband lamp (Philips, prod. no. PL-S 9W/01) covered
by an ultraviolet transmitting, visible light absorbing filter (U340, Hoya, Tokio, Japan) at a light

intensity of 7 umol m?2 s of 311 nm UV-B light, if not indicated otherwise.
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5.3 Plasmids

Table 5.1: Construction and description of plasmids used in this work. (All plasmids were constructed using AQUA and
Gibson assembly cloning methods.)

Plasmid Description Reference
Pue-PspCas13b DR-Bbsl-Bbsl-pA pC0043-
Pue-driven mammalian expression vector for cloning of guide RNAs compatible with PspCas13b
PspCas13b. crRNA was a
gift from Feng
pC0043 Zhang
(Addgene
#103854)
(Cox etal.,
2017)
Per1a-PspCas13b-NES-HIV pC0046-
Per1o driven mammalian expression vector for expression of PspCas13b for knockdown of EF1a-
target RNAs in combination with compatible gRNAs. PspCas13b-
NES-HIV was
00046 a gift from
Feng Zhang
(Addgene
#103862)
(Cox etal.,
2017)
pGB109 Pcamviss-RLUC-pA GoldenBraid
Pcamvass-driven plant expression vector encoding the renilla luciferase. Database
pJA086 Psvao-mEGFP-pA Jennifer
Psvao-driven mammalian expression vector encoding the fluorescent protein mEGFP. (unQ:glri:ﬁed)
Pcmv-FLUC-pA
pLKTBPFO001 ) ) ) . . . Unpublished
Pcmv-driven mammalian expression vector encoding the firefly luciferase.
5’LTR-RRE-Pcmv-EGFP-Ppck-Puro’™-3’LTR pLJM1-EGFP
3 generation lentiviral vector for EGFP fusion; PGK-driven puromycin resistance. was a gift
from David
oLIM1-GFP Sabatini
(Addgene
#19319)
(Sancak et
al., 2008)
pKMO081 etrs-Pcmvmin-SEAP-pA (Mller et al.,
2013b)
Vector encoding SEAP under control of a modified Petr.
(pifO)a-Prcmvmin-SEAP-pA Konrad
pKM195 Vector encoding SEAP under control of a pif operator-CMVmin promoter. unm[i)llliesrr’wed
UAS;5-TATA-GLUC-pA (Mller et al.,
Vector encoding Gaussia luciferase (GLUC) under control of Pga. 2014a)
pKM083
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Psvso-driven mammalian expression vector encoding A. thaliana PIF1 fused to the

fluorescent protein mEGFP.

Psva0-Gal4BD-LOVpep[T406A,T407A,1532A]-IRESPV-ePDZb-VP16-NLS-pA (Mdller et al.,
KMB16 Psvao-driven bicistronic mammalian vector encoding Gal4BD- 2014a)
P LOVpep[T406A,T407A,1532A] and ePDZb-VP16-NLS.
Psvao-KRAB-EL222-pA (Baaske et
Psvao-driven mammalian expression vector encoding the light-responsive repressor KRAB- al., 2018)
pKM565
EL222.
pMZ333 Psvao driven mammalian expression vector derived from Xbal/Notl digested pSAM200. (Beyer et al.,
2015a)
pMZ725 Psvao-PIF3-mEGFP-pA (Beyer et al.,
Psvso-driven mammalian expression vector encoding A. thaliana PIF3 fused to the 2015a)
fluorescent protein mEGFP.
pMZ820 Pcamviss-E-UVR8(12-381)-pA Matias
g . . . : Zurbriggen
Pcamvass-driven plant expression vector encoding A. thaliana UVR8(12-381) fused to the (unpublished)
macrolide repressor E.
pMZ821 Pcamviss-COP1(WD40)-VP16-pA Matias
g ) . . . Zurbriggen
Pcamvass-driven plant expression vector encoding the WD40 domain of A. thaliana COP1 (unpublished)
fused to the VP16 transactivation domain.
pMZ824 Pcamviss-E-VP16-NLS-pA Matias
Pcamvass-driven plant expression vector encoding the macrolide repressor E fused to the Zurbriggen
(unpublished)
VP16 transactivation domain and a nuclear localization domain.
pMZ1173 Psvao-phyA-mCherry-pA Matias
o ) . ) . Zurbriggen
Psvso-driven mammalian expression vector encoding A. thaliana phytochrome A fused to (unpublished)
the fluorescent protein mCherry.
Psv40-(C120)s-FLUC-B-LID-pA (Baaske et
MZ1203 Psvao-driven mammalian expression vector encoding the firefly luciferase fused to a blue al., 2018)
p
light-inducible degron (B-LID), containing the EL222-DNA-binding site (C120)s.
pMZ1214 Psva0-VTC2-VP16-IRES-TetR-PAS-LOVwr-pA Matias
Zurbriggen
(unpublished)
pPF002 tetO4-Pcmvmin-SEAP-BGHTA; Psv4-RLUC-SV40TA Patrick
Fischbach
(unpublished)
pPF131 Psvao-phyB-VP16-IRES-TetR-PIF1-pA Patrick
Fischbach
(unpublished)
pHB018 Psvao-phyE-mCherry-pA Hannes Beyer
. . . . . (unpublished)
Psvso-driven mammalian expression vector encoding A. thaliana phytochrome E fused to
the fluorescent protein mCherry.
pHB090 Psvao-PIF1-mEGFP-pA Hannes Beyer

(unpublished)
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pHB091 Psvao-PIF4-mEGFP-pA Hannes Beyer
. . . . . (unpublished)
Psvso-driven mammalian expression vector encoding A. thaliana PIF4 fused to the
fluorescent protein mEGFP.
pHB092 Psvao-PIF5-mEGFP-pA Hannes Beyer
. . . . . (unpublished)
Psvso-driven mammalian expression vector encoding A. thaliana PIF5 fused to the
fluorescent protein mEGFP.
pHB093 Psva0-PIF6-mEGFP-pA Hannes Beyer
. . . . . (unpublished)
Psvso-driven mammalian expression vector encoding A. thaliana PIF6 fused to the
fluorescent protein mEGFP.
pHB094 Psvao-PIF7-mEGFP-pA Hannes Beyer
. . . . . (unpublished)
Psvso-driven mammalian expression vector encoding A. thaliana PIF7 fused to the
fluorescent protein mEGFP.
pRD093 Psvao-PIF3-mVenus-pA Rebecca
. . . . . Driesch
Psvso-driven mammalian expression vector encoding A. thaliana PIF3 fused to the (unpublished)
fluorescent protein mVenus.
pROF052 (etr)s-Pncmymin-FLUC-pA Rocio Ochoa-
Fernandez
pROF150 Pcamviss-E-UVR8(12-381)-NLS-pA This work
E-UVR8 was amplified from pMZ820 with oligos oROF003/157. pMZ827 was linearized by
EcoRI/Ndel. Both fragments were assembled by AQUA cloning.
pROF151 Pcamviss-COP1(WD40)-VP16-NLS-pA This work
COP1(WD40)-VP16 was amplified from pMZ821 with oligos oROF003/158. pMZ827 was
linearized by EcoRI/Ndel. Both fragments were assembled by AQUA cloning.
pRSET PT7-driven bacterial expression vector Novagen
pSAM Psvao-TetR-VP16-pA (Fussenegger
et al., 1997)
pSJ025 Psvao-phyB-mCherry-pA (Beyer et al.,
Psvso-driven mammalian expression vector encoding A. thaliana phytochrome B fused to 2015a)
the fluorescent protein mCherry.
pSJ050 Psvao-phyC-mCherry-pA Samuel Julliot
. . . . . (unpublished)
Psvao-driven mammalian expression vector encoding A. thaliana phytochrome C fused to
the fluorescent protein mCherry.
pSJ051 Psvao-phyD-mCherry-pA Samuel Julliot
. . . . . (unpublished)
Psvao-driven mammalian expression vector encoding A. thaliana phytochrome D fused to
the fluorescent protein mCherry.
pSJ080 Psva0-PIF8-mEGFP-pA Samuel Julliot

Psvso-driven mammalian expression vector encoding A. thaliana PIF8 fused to the

fluorescent protein mEGFP.

(unpublished)
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pSLS404 Pcamviss-Renilla-2A-GAl-Firefly-myc-pA Lisa
Ratiometric gibberellin sensor plasmid with A. thaliana DELLA protein GAl as SM for use Sg;rgrl:ir;k/
in plant cells. Samodelov
(unpublished)
pSLS405 Pcamviss-Renilla-2A-RGA-Firefly-myc-pA Lisa
Ratiometric gibberellin sensor plasmid with the A. thaliana DELLA protein RGA as SM for Sg;rgrl:ir;k/
use in plant cells. Samodelov
(unpublished)
pSLS411 Psv40-GID1a-pA Lisa
. . . . . Schmunk/
Expression vector encoding the A.thaliana gibberellin receptor GID1a under control of Sophia
Psvao. Samodelov
(unpublished)
pSLS412 Psva0-GID1b-pA Lisa
. . . . . Schmunk/
Expression vector encoding the A.thaliana gibberellin receptor GID1b under control of Sophia
Psvao. Samodelov
(unpublished)
pSLS413 Psv40-GID1c-pA Lisa
. . . . . Schmunk/
Expression vector encoding the A.thaliana gibberellin receptor GID1c under control of Sophia
Psvao. Samodelov
(unpublished)
pSLS414 Psvao-SLY1-pA Lisa
. . . . Schmunk/
Expression vector encoding A.thaliana F-Box protein SLY1 under control of Psv4o. Sophia
Samodelov
(unpublished)
pSLS433 Psva0-GID1a-NLS-HA-pA Lisa
The A.thaliana gibberellin receptor GID1a was amplified from pSLS411 with Sg;rgrl:ir;k/
0SLS414/0SLS438. pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were Samodelov
assembled using Gibson cloning. (Ap7p<ir)1d|x
pSLS434 Psva0-GID1b-NLS-HA-pA Lisa
The A.thaliana gibberellin receptor GID1b was amplified from pSLS412 with S;ngﬁigk/
0SLS416/0SLS439. pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were Samodelov
assembled using Gibson cloning. (Ap7p<ir)1d|x
pSLS435 Psva0-GID1c-NLS-HA-pA Lisa
The A.thaliana gibberellin receptor GID1c was amplified from pSLS413 with Sg;rgrl:ir;k/
0SLS418/0SLS440. pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were Samodelov
assembled using Gibson cloning. (Ap7p<ir)1d|x
pSLS436 Psva0-SLY1-NLS-HA-pA Lisa
The A.thaliana F-Box protein SLY1 was amplified from pSLS414 with 0SLS420/0SLS441. S;ngﬁi’;k’
pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were assembled using Samodelov
. . (Appendix
Gibson cloning.
7.1)
pSLS437 Psvao-GAI-NLS-FLAG-pA Lisa
The A.thaliana DELLA protein GAl was amplified from a GAI containing plasmid (ABRC) Sg;rgrl:ir;k/
with 0SLS444/0SLS445. pMZ333 was amplified with 0SLS448/0SLS442. Both fragments Samodelov
) ) ) (Appendix
were assembled using Gibson cloning. 7.1)
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pSLS438 Psva0-RGA-NLS-FLAG-pA Lisa
The A.thaliana DELLA protein RGA was amplified from a RGA containing plasmid (ABRC) Sg;rgrl:ir;k/
with 0SLS446/0SLS447. pMZ333 was amplified with 0SLS448/0SLS442. Both fragments Samodelov
were assembled using Gibson cloning. (Ap_;)ir;dlx
pSLS443 Psva0-ARR1DDDK-NLS-HA-pA Lisa
ARR1ADDK-NLS-HA was amplified from a plasmid received from the Alabadi/Blazquez Sg;mﬁigk/
lab, IBMCP Valencia and amplified with 0SLS454/455. pMZ333 was amplified with Samgdelov
0SLS436/0SLS442. Both fragments were assembled using Gibson cloning. (Appendix
7.1)
pSLS446 Psva0-ARR1DDDK-VP16-NLS-HA-pA Lisa
ARR1ADDK-NLS-HA was amplified from a plasmid received from the Alabadi/Blazquez Sg;rgrl:ir;k/
lab, IBMCP Valencia and amplified with 0SLS454/463. VP16-NLS-HA was amplified from Samodelov
pKMO18 with 0SLS443/0SLS466. pMZ333 was amplified with 0SLS436/0SLS442. Al (Apf‘i’)‘d'x
fragments were assembled using Gibson cloning.
pSLS454 TCS-Phcmvmin-SEAP-pA Lisa
- . . . . Schmunk/
The repetitive TCS motif was amplified from a plasmid received from the Sophia
Alabadi/Blazquez lab, IBMCP Valencia and amplified with oSLS470/0SLS471. pKM195 Samodelov
was linearized with Nrul/EcoRV. Both fragments were assembled using Gibson cloning. (Ap_;)ir;dlx
pSLS470 Pcamviss-Renilla-2A-RGAA17-Firefly-myc-pA Lisa
Schmunk/
Sophia
Samodelov
(unpublished)
pWWO035 Psvao-E-VP16-pA (Weber et al.,
2002)
pJATBO001 Psva0-GAI-VP16-IRES-TetR-PIF6(1-100)-pA This work
GAl was PCR amplified from pSLS404 with oJATB001/0JATB002. pPF001 was
linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.
pJATB002 Psva0-RGA-VP16-IRES-TetR-PIF6(1-100)-pA This work
RGA was PCR amplified from pSLS405 with oJATB003/0JATB004. pPF001 was
linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.
pJATB003 Psva0-GAI-VP16-IRES-TetR-Gid1a-pA This work
GID1a was PCR amplified from pSLS411 with oJATB005/0JATB006. pJATB001 was
linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.
pJATB004 Psva0-GAI-VP16-IRES-TetR-Gid1b-pA This work
GID1b was PCR amplified from pSLS412 with oJATB007/0JATB008. pJATB001 was
linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.
pJATB005 Psva0-GAI-VP16-IRES-TetR-Gid1c-pA This work
GID1c was PCR amplified from pSLS413 with oJATB009/0JATB010. pJATB001 was
linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.
pJATB006 Psva0-RGA-VP16-IRES-TetR-Gid1a-pA This work

GID1a was PCR amplified from pSLS411 with oJATB005/0JATB006. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.
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pJATBO07

Psv40-RGA-VP16-IRES-TetR-Gid1b-pA
GID1b was PCR amplified from pSLS412 with oJATB007/0JATB008. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATBO008

Psv40-RGA-VP16-IRES-TetR-Gid1c-pA
GID1c was PCR amplified from pSLS413 with oJATB009/0JATB010. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATBO023

Psv4-GAI-VP16-IRES-TetR-SLY1-pA
SLY1 was PCR amplified from pSLS414 with oJATB029/0JATB030. pJATB001

was linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB024

Psv40-RGA-VP16-IRES-TetR-SLY1-pA
SLY1 was PCR amplified from pSLS414 with oJATB029/0JATB030. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATBO025

Psv40-SLY1-VP16-IRES-TetR-Gid1a-pA
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB003 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB026

Psv40-SLY1-VP16-IRES-TetR-Gid1b-pA
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB004 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO027

Psv40-SLY1-VP16-IRES-TetR-Gid1c-pA
SLY1 was PCR amplified from pSLS414 with oJATB031/0JATB032. pJATB005 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO028

Psv4-GAI-VP16-IRES-TetR-RGA-pA
RGA was PCR amplified from pSLS405 with oJATB033/0JATB034. pJATB001 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATBO029

Psv40-RGA-VP16-IRES-TetR-GAl-pA
GAl was PCR amplified from pSLS404 with oJATB035/0JATB036. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB030

Psv40-Gid1a-VP16-IRES-TetR-GAI-pA
GID1a was PCR amplified from pSLS411 with oJATB037/0JATB038. pJATB029 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO31

Psv40-Gid1b-VP16-IRES-TetR-GAl-pA
GID1b was PCR amplified from pSLS412 with oJATB039/0JATB040. pJATB029 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB032

Psv40-Gid1c-VP16-IRES-TetR-GAI-pA
GID1c was PCR amplified from pSLSL413 with oJATB041/0JATB042. pJATB029 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work
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pJATBO033

Psv40-Gid1a-VP16-IRES-TetR-RGA-pA
GID1a was PCR amplified from pSLS411 with oJATB037/0JATB038. pJATB028 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB034

Psv40-Gid1b-VP16-IRES-TetR-RGA-pA
GID1b was PCR amplified from pSLS412 with oJATB039/0JATB040. pJATB028 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO035

Psv40-Gid1c-VP16-IRES-TetR-RGA-pA
GID1c was PCR amplified from pSLS413 with oJATB041/0JATB042. pJATB028 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO57

Psva0-SLY1-VP16-IRES-TetR-GAI-pA
GAl was PCR amplified from pSLS404 with oJATB035/0JATB036. pJATB025 was

linearized with BsrGl/Ascl. Both fragments were assembled by AQUA cloning.

This work

pJATBO058

Psva0-SLY1-VP16-IRES-TetR-RGA-pA
RGA was PCR amplified from pSLS405 with oJATB033/0JATB034. pJATB025 was

linearized with BsrGl/Ascl. Both fragments were assembled by AQUA cloning.

This work

pJATBO059

Psva0-GID1a-VP16-IRES-TetR-SLY1-pA
GID1a was PCR amplified from pSLS411 with oJATB037/0JATB038. pJATB023 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO60

Psva0-GID1b-VP16-IRES-TetR-SLY1-pA
GID1b was PCR amplified from pSLS412 with oJATB039/0JATB040. pJATB023 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO061

Psva0-GID1c-VP16-IRES-TetR-SLY1-pA
GID1c was PCR amplified from pSLS413 with oJATB041/0JATB042. pJATB023 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO66

Psva0-GAI-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/075. pJATBO003

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO67

Psva0-GAI-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/076. pJATB004

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO068

Psva0-GAI-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/077. pJATBO005

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO069

Psva0-RGA-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/075. pJATB006

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work
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pJATB070

Psva0-RGA-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/076. pJATBO007

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO71

Psva0-RGA-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/077. pJATBO008

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO72

Psva0-GID1a-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/078. pJATBO030

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO73

Psva0-GID1b-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/078. pJATBO031

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO74

Psva0-GID1c-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/078. pJATB032

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO75

Psva0-GID1a-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/079. pJATBO033

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO76

Psva0-GID1b-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/079. pJATB034

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO77

Psva0-GID1c-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/079. pJATBO035

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO78

Psva0-SLY1-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/075. pJATB025

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO79

Psva0-SLY1-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/076. pJATB026

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATB080

Psva0-SLY1-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/077. pJATB027

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work

pJATBO081

Psva0-SLY1-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/078. pJATBO057

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

was

This work
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pJATB082

Psva0-SLY1-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/079. pJATB058 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO083

Psva0-GID1a-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/080. pJATB059 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB084

Psva0-GID1b-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/080. pJATB060 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO085

Psva0-GID1c-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/080. pJATB061 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB086

Psva0-GAI-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/080. pJATB023 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO087

Psva0-RGA-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with oJATB074/080. pJATB024 was

linearized with Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pTBPF001

UAS;s-PspCas13b-NES-HA-pA

Plasmid pKM083 was PCR-amplified with oTBPF003 and oTBPF004. PspCas13b was
amplified from pC0046 with oTBPF001 and oTBPF002. Both fragments were assembled
using AQUA cloning.

This work

pTBPF003

Pue-FLUC gRNA1-PspCas13bDR-pA
pC0043 was linearized by digestion with Bbsl and assembled with
oTBPFO009 using AQUA cloning.

This work

pTBPF004

Pus-FLUC gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with Bbsl and assembled with oTBPF010
using AQUA cloning.

This work

pTBPF005

Pus-EGFP gRNA1-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with Bbsl and assembled with ocTBPF011
using AQUA cloning.

This work

pTBPF006

Pus-EGFP gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with Bbsl-HF and assembled with oTBPF012
using AQUA cloning.

This work
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pTBPF014

Psvao-mCherry-pA
Plasmid pJA086 was linearized with Notl and Xbal, mCherry was PCR-amplified from
pSJ025 with oTBPF034 and oTB035. Both fragments were assembled using AQUA

cloning.

This work

pTBPFO015

Psvao-FLUC-pA

Plasmid pLKPTBPF001 was linearized with Xhol and BamHI, the Psv4o promoter was PCR-
amplified from pMZ1203 with oTBPF036 and oTBPF037. Both fragments were assembled
by AQUA cloning.

This work

pTBPF018

Prek-EGFP-pA
Plasmid pJA086 was linearized with Nhel and Xhol, Ppck was PCR-amplified from pLJM1-
GFP with oTBPF041 and oTBPF042. Both fragments were assembled using AQUA

cloning.

This work

pTBPF020

Pue-hCDK1 gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized with Bbsl and assembled with
oTBPF0047 using Gibson cloning.

This work

pTBPF021

Pue-hCDK1 gRNA1-PspCas13bDR-pA
Plasmid pC0043 was linearized with Bbsl and assembled with oTBPF048 using Gibson

cloning.

This work

pTB023

Psvao-PIF3-mVenus-pA
PIF3-mVenus was PCR-amplified from pRD093 with 0TB129/130. pMZ333 was linearized
by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB034

Psvao-phyB-VP16-IRES-TetR-PIF4-pA
PIF4 was PCR-amplified from pHB091 with 0TB153/154. pPF009 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB035

Psvao-phyB-VP16-IRES-TetR-PIF5-pA
PIF5 was PCR-amplified from pHB092 with 0TB155/156. pPF009 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB036

Psvao-phyB-VP16-IRES-TetR-PIF6-pA
PIF6 was PCR-amplified from pHB093 with 0TB157/158. pPF009 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB037

Psvao-phyB-VP16-IRES-TetR-PIF7-pA
PIF7 was PCR-amplified from pHB094 with 0TB159/160. pPF009 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB038

Psvao-phyB-VP16-IRES-TetR-PIF8-pA
PIF8 was PCR-amplified from pSJ080 with 0TB161/162. pPF009 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work
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pTB053

Psvao-PIF3-9AA-Linker-mEGFP-pA
EGFP was amplified from pTB210 with 0TB201/202. pTB023 was PCR-amplified with
0TB223/212. Both fragments were assembled using AQUA cloning.

This work

pTB073

Psvao-phyC-VP16-IRES-TetR-PIF1-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pPF131 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB074

Psvao-phyC-VP16-IRES-TetR-PIF2-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB105 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB075

Psvao-phyC-VP16-IRES-TetR-PIF3-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB106 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB076

Psvao-phyC-VP16-IRES-TetR-PIF4-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB034 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTBO77

Psvao-phyC-VP16-IRES-TetR-PIF5-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB035 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB078

Psvao-phyC-VP16-IRES-TetR-PIF6-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB036 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB079

Psvao-phyC-VP16-IRES-TetR-PIF7-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB037 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB080

Psvao-phyC-VP16-IRES-TetR-PIF8-pA
phyC was PCR-amplified from pSJ050 with 0TB323/324. pTB038 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB081

Psvao-phyD-VP16-IRES-TetR-PIF1-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pPF131 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB082

Psvao-phyD-VP16-IRES-TetR-PIF2-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB105 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work
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pTB083

Psvao-phyD-VP16-IRES-TetR-PIF3-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB106 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB084

Psvao-phyD-VP16-IRES-TetR-PIF4-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB034 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB085

Psvao-phyD-VP16-IRES-TetR-PIF5-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB035 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB086

Psvao-phyD-VP16-IRES-TetR-PIF6-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB036 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB087

Psvao-phyD-VP16-IRES-TetR-PIF7-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB037 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB088

Psvao-phyD-VP16-IRES-TetR-PIF8-pA
phyD was PCR-amplified from pSJ051 with 0TB325/326. pTB038 was PCR-amplified with
0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB097

Psvao-phyA-VP16-IRES-TetR-PIF1-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pPF131 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB098

Psvao-phyA-VP16-IRES-TetR-PIF2-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB105 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB099

Psvao-phyA-VP16-IRES-TetR-PIF3-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB106 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB100

Psvao-phyA-VP16-IRES-TetR-PIF4-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB034 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB101

Psvao-phyA-VP16-IRES-TetR-PIF5-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB035 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work
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pTB102

Psvao-phyA-VP16-IRES-TetR-PIF6-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB036 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB103

Psvao-phyA-VP16-IRES-TetR-PIF7-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB037 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB104

Psvao-phyA-VP16-IRES-TetR-PIF8-pA
phyA was PCR-amplified from pMZ1173 with 0TB329/330. pTB038 was PCR-amplified
with 0TB321/322. Both fragments were assembled using AQUA cloning.

This work

pTB105

Psvao-phyB-VP16-IRES-TetR-PIF2-pA
PIF2 was PCR-amplified from PIF2 containing plasmid (ABRC) with oTB331/332. pTB034

was linearized by AsiSlI/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB106

Psvao-phyB-VP16-IRES-TetR-PIF3-pA
PIF3 was PCR-amplified from pTB023 with oTB151/152. pTB034 was linearized by

AsiSl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pTB107

Psv40-PIF2-EGFP-pA
PIF2 was PCR-amplified from PIF2 containing plasmid (ABRC) with cTB367/368. pTB204
was PCR-amplified with oTB073/210. Both fragments were assembled using AQUA

cloning.

This work

pTB200

Psvao-GAI-mCherry-pA
GAIl was amplified from pSLS405 with oligos 0TB064/065. mCherry was amplified from
pSJ050 with oligos 0TB066/067. pMZ333 was linearized by Notl/Xbal. Fragments were

assembled using AQUA cloning.

This work

pTB204

Psv4-GID1b-EGFP-pA
GID1b was amplified from pSLS412 with oligos 0TB077/083. mEGFP was amplified from
pHBO090 with oligos 0TB085/061. pMZ333 was linearized by Notl/Xbal. Fragments were

assembled using AQUA cloning.

This work

pTB210

Psva-ARR1ADKK-mEGFP-pA
ARR1ADKK was amplified from pSLS443 with oligos 0TB099/100. mEGFP was amplified
from pTB204 with oligos 0TB101/102. pMZ333 was linearized by Notl/Xbal. Fragments

were assembled using AQUA cloning.

This work

pTB227

Psva0-GID1b-9AA-Linker-mEGFP-pA
GID1b was PCR-amplified from pSLS434 with 0TB203/204. pTB053 was linearized by

Notl/Afel. Both fragments were assembled using AQUA cloning.

This work
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pTB228

Psva0-GID1b-9AA-Linker-mEGFP-9AA-Linker-mCherry-pA
mCherry was amplified from pTB200 with 0TB255/256. pTB227 was PCR-amplified with
0TB212/254. Both fragments were assembled using AQUA cloning.

This work

pTB233

Psvao-GAI-9AA-Linker-mCherry-CAAX(unphosphorylatable)-pA
GAl was PCR-amplified from pTB200 with 0TB064/244. pTB216 was PCR-amplified with
0TB210/246. Both fragments were assembled using AQUA cloning.

This work

pTB235

Psvao-mEGFP-GID1b-pA
GID1b was PCR-amplified from pTB204 with 0TB248/249. pTB400 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB239

Psvao-GAI-9AA-Linker-mCherry-NLS-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/257. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB240

Psvao-GAI-9AA-Linker-mCherry-NES-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/258. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB243

Psvao-GAI-9AA-Linker-mCherry-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/261. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB245

Psvao-mCherry-9AA-Linker-GAl-pA
mCherry was PCR-amplified from pTB200 with 0TB263/264. GAl was PCR-amplified from
pTB216 with 0oTB265/266. pMZ333 was linearized by Notl/Xbal. Fragments were

assembled using AQUA cloning.

This work

pTB258

Psvao-NLS-mCherry-5AA-Linker-GAl-pA
GAl was PCR-amplified from pTB200 with 0TB296/266. pTB262 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB259

Psvao-NLS-mCherry-7AA-Linker-GAl-pA
GAl was PCR-amplified from pTB200 with 0TB297/266. pTB262 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB262

Psvao-NLS-mCherry-9AA-Linker-GAl-pA
mCherry-GAl was PCR-amplified from pTB245 with 0TB291/266. pMZ333 was linearized
by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB263

Psvao-mCherry-GID1b-pA
GID1b was PCR-amplified from pTB204 with 0TB249/292. pTB245 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work
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pTB264

Psvao-NLS-mEGFP-9AA-Linker-GAIl-pA
mMEGFP was PCR-amplified from pTB210 with 0TB291/264. pTB262 was PCR-amplified
with 0TB265/293. Both fragments were assembled using AQUA cloning.

This work

pTB265

Psvao-mEGFP-NLS-pA
mEGFP was PCR-amplified from pTB210 with 0TB299/300. pMZ333 was linearized by
Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB267

Psvao-mEGFP-GID1a-pA
GID1a was PCR-amplified from pJATB006 with 0TB301/302. pTB400 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB268

Psvao-mEGFP-GID1c-pA
GID1c¢c was PCR-amplified from pJATB008 with oTB303/304. pTB400 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB271

Psvao-mCherry-SLY1-pA
SLY1 was PCR-amplified from pJATB023 with 0TB318/320. pTB263 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB272

Psvao-mEGFP-SLY1-pA
SLY1 was PCR-amplified from pJATB023 with 0TB319/320. pTB400 was PCR-amplified
with 0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB400

Psvao-mEGFP-PAS-LOVwi-pA
mEGFP was amplified from pTB210 with 0TB226/227, PASLOV was amplified from
pMZ1214 with oTB228/229. pMZ333 was linearized by Notl/Xbal. Fragments were

assembled using AQUA cloning.

This work

pTB511

P3ss-E-UVR8-pA
UVR8 was amplified from synthesized UVR8 from IDT and amplified with oTB216/217.
pMZ820 was linearized by EcoRI/SgrAl. Both fragments were assembled using AQUA

cloning.

This work

All pJATB plasmids were designed and constructed together with Jennifer Andres.

All pTBPF plasmids were designed and constructed together with Patrick Fischbach.
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5.4 Oligonucleotides

Table 5.2: Oligonucleotides used for cloning in this work.

Oligonucleotide
0JATBO0O01
0JATB002
0JATBO003

oJATB004
oJATBO005
oJATB006

oJATBO0O7
oJATBO008

oJATB009
oJATBO10

oJATB029
oJATB030

0JATB031
0JATB032

0oJATB033

0JATB034
oJATB035

oJATB036

oJATBO37
0JATB038
oJATB039
0JATB040
0JATB041
0JATB042
oJATBO74

oJATBO75
oJATBO76
oJATBO77
oJATBO78
oJATBO79
oJATB080

oROF003
oROF157

oROF158

0SLS414
0SLS416
0SLS418

0SLS420

Sequence (5’ 2> 3’)
GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCAT
CTACCAGCACTACCAGCACTATCGAATTCGATATCATTGGTGGAGAGTTTCCAAG

GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCATCA
CCAATTCC
CTACCAGCACTACCAGCACTATCGAATTCGATATCGTACGCCGCCGTCGA

AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGCGAGCGAT

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAACATTCCGCGTTTACAAAC
G
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGTGGTAACGA

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAGGAGTAAGAAGCACAGG
A
GAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGAAGTGAAGAAG
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATTGGCATTCTGCGTTTA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGCGCAGTACTACC

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATTTGGATTCTGGAAGAGG
TC
TCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGCGCAGT

ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTTGGATTCTGGAAGAGGTCTCTT

A
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCACCAAT
TCCAAGGT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAGTACGCCGCCGTCGA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCATCATC
ATC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAATTGGTGGAGAGTTTCCA
AG

ACTACCAGCACTACCAGCACTATCGAATTCGATATCACATTCCGCGTTTACAAACGC

CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGCGAGCGAT
ACTACCAGCACTACCAGCACTATCGAATTCGATATCAGGAGTAAGAAGCACAGGACTTG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGTGG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGAAG
ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTGGCATTCTGCGTTTACAAATG

ACAGATTGTTATCATAAAGCGAATTGGATTGCGGCCGCGAATTCATATGCCCCGCCCCA
AG
AATAAGATTAACTTCATCGCTCGCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTG
TTATGTACAATTAAGCTGTACGCGGACG
GTTAAGGTTGACTTCGTTACCACCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTG
TTATGTACAATTAAGCTGTACGCGGACG
AATAAGATTAACTTCTTCACTTCCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTGT
TATGTACAATTAAGCTGTACGCGGACG
ATGATGATGATGATGATGATCTCTCTTCATACCAGCACTACCAGCACTACCAGCACTGTT
ATGTACAATTAAGCTGTACGCGGACG
CGTCCGCGTACAGCTTAATTGTACATAACAGTGCTGGTAGTGCTGGTAGTGCTGGTATG
AAGAGAGATCATCACCAATTCCAAGGT
CAAATCAGAGTCGGTAGTACTGCGCTTCATTCCTGCGGAACCAGCACTGCCGGCGCTG
TTATGTACAATTAAGCTGTACGCGGACG

AGGTAAGCTTGGTACCACC

TGGATCCAAGCTTCTCGAGCCCGGGGAATTCCTACACCTTCCTCTTCTTCTTTGGTCCA
TCGACGCTGAGT
TGGATCCAAGCTTCTCGAGCCCGGGGAATTCCTACACCTTCCTCTTCTTCTTTGGCCCA
CCGTACTCGTCAAT

CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGCGAGCGATGAA
GTTAATCTTATTG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGGTGGTAACGAA
GTCAACC
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGGAAGTGAAGAA
GTTAATCTTATTGAG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGCGCAGTACTACC
GACTCTG
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0SLS436
0SLS438

0SLS439
0SLS440
0SLS441

0SLS442
0SLS443
0SLS444

0SLS445
0SLS446
0SLS447

0SLS448
0SLS454

0SLS455

0SLS463
0SLS466
0SLS470
0SLS471
oTBPFO001

oTBPF002

oTBPFO003
oTBPF004
oTBPF009

oTBPFO010
oTBPFO011
oTBPF012
oTBPF034
oTBPFO035
oTBPF036
oTBPFO037
oTBPF041

oTBPF042
oTBPF047

oTBPF048

oTB061
oTB064
oTB065
oTB066
oTB067

oTB073
oTB077
oTB083
oTB085
oTB099

TACCCATACGATGTTCCAGATTACGCTTAGTCTAGAGTCGACCTGCAGCCCAAG

AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGACATTCCGCGT
TTACAAACGCCGAAATC
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGAGGAGTAAGAA
GCACAGGACTTGACTTG
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGTTGGCATTCTG
CGTTTACAAATGCAGCTATC
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGTTTGGATTCTG
GAAGAGGTCTCTTAGTG

CCGCAATTCGATCCGGGACCTG

GAATTCGATAGTGCTGGTAGTGCTGGTAG

CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGAGAGATCATCAT
CATCATCATCATCAAGATAAG
CTACTTGTCATCGTCGTCCTTGTAGTCCACCTTCCGCTTTTTCTTGGGATTGGTGGAGA
GTTTCCAAGCCGAG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGAGAGATCATCAC
CAATTCCAAGGTC
CTACTTGTCATCGTCGTCCTTGTAGTCCACCTTCCGCTTTTTCTTGGGGTACGCCGCCG
TCGAGAGTTTC
GACTACAAGGACGACGATGACAAGTAGTCTAGAGTCGACCTGCAGCCCAAG

CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGTCACGGAAGAGGAAA
GACGAGG
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGAACCGGAATGT
TATCGATGGAGTATGCG
CTACCAGCACTACCAGCACTATCGAATTCAACCGGAATGTTATCGATGGAGTATGCG

AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGCC
GAAAAGTGCCACCTGACGTCGTCGACGATATCGGCCAGTGCCAAGCTTATGCTAGC
ACGAGCTCTGCTTATATAGGGCTAGCTCGCGAGAGGAAGGGTCTTGGCTAGAAAATCC

CGTTCGAGATCTGCGATCTAAGTAAGCTTGGCCACCATGAACATCCCCGCTCTGGTGG
AAAAC
CTCCCATTCATAAGTTCCATAGGATGGGCGGCCGCTTAGGCATAGTCGGGGACATCAT
ATGG

GCGGCCGCCCATCCTATGG

GGTGGCCAAGCTTACTTAGATCGCAG

ATAGCCCCTCAAAACTGGACCTTCCACAACGAGGTGGACATTACCTACGCCGAGTACTT
CGGTGTTTCGTCCTTTCCACAAGATATATAA
ATAGCCCCTCAAAACTGGACCTTCCACAACCACGGTAAAACCATGACCGAGAAGGAGA
TCGGTGTTTCGTCCTTTCCA
ATAGCCCCTCAAAACTGGACCTTCCACAACCTGGACGGCGACGTAAACGGCCACAAGT
TCGGTGTTTCGTCCTTTCCACAAGA
ATAGCCCCTCAAAACTGGACCTTCCACAACACCCAGTCCAAGCTGAGCAAAGACCCCA
ACCGGTGTTTCGTCCTTTCCACAAGATATATA
TTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCATGGTGAGCAAGGGCGA
GGAGG
CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACAGCTCGTCCATG
CCG
CATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGATCCCTGTGGAATGTGTGTCAGT
TAGGGTG
TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGAGCTTTTTGCAAAAGCCTAGGCCT
ccC
TTCTCATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGGGTTGCGCCTTTTCCAAGG
C
TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGCTGGGGAGAGAGGTCGGTGATTC

ATAGCCCCTCAAAACTGGACCTTCCACAACGCCAGAGCTTTTGGAATACCTATCAGAGT
AGGTGTTTCGTCCTTTCCACAAGATATATAA
ATAGCCCCTCAAAACTGGACCTTCCACAACGGGCACTCCCAATAATGAAGTGTGGCCA
GAGGTGTTTCGTCCTTTCCACAAGATATATAA
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCTTACTTGTACAGCTCGTCCATGC

TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGAAGAGAGATCAT
ATCCTCCTCGCCCTTGCTCACCATTGCTGAATTGGTGGAGAGTTTCCAA
GCCACCTCGGCTTGGAAACTCTCCACCAATTCAGCAATGGTGAGCAAGGG

CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACAGCTCGTCCATG
C
GGCAGCATGGTGAGCAAG

TCTTTTATTTCAGGTCCCGGATCGAATTGCACCGGTCCACCATGGCTGGTGG
CAGCTCCTCGCCCTTGCTCACCATGCTGCCAGGAGTAAGAAGCACAGGACTTG
AGCAAGTCAAGTCCTGTGCTTCTTACTCCTGGCAGCATGGTGAGCAAG
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGTCACGGAA
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oTB100
oTB101
oTB102

oTB129

oTB130
oTB151

oTB152

oTB153
oTB154
oTB155

oTB156

oTB157

oTB158

oTB159

oTB160

oTB161

oTB162

oTB201

0TB202

oTB203
oTB204

oTB210
oTB212
oTB216
oTB217

0TB223
0TB226

oTB227
oTB228

oTB229
oTB244

0TB246
oTB247
oTB248
oTB249

oTB254
oTB255
0TB256

oTB257

oTB258

oTB261
oTB263

oTB264
oTB265
0TB266

CAGCTCCTCGCCCTTGCTCACCATGCTGCCAACCGGAATGTTATCGATGG
GACGCATACTCCATCGATAACATTCCGGTTGGCAGCATGGTGAGCAAG

GATCGAAGCTTGGGCTGCAGGTCGACTCTAAGCGCTTTACTTGTACAGCTCGTCCATG
C
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGCCTCTGTTTGAGC
TTTTCAG
CTGGATCGAAGCTTGGGCTGCAGGTCGACTAGCGCTTTACTTGTACAGCTCGTCCA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGCCTCTGTTTGAGCTTT
T

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACGACGATCCACAAAACTG
AT
GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAACACCAAGGTTGG

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAGTGGTCCAAACGAGAACC

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAACAAGTGTTTGCT
$f}CTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCAGCCTATTTTACCCATATGA
éggégTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGATGTTCTTACCAACC
$ﬁ¥g¢I;TCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATCTGTTAGTTTTCCTTGAT
ggggg;GGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGTCGAATTATGGAGTTA
¢2$2$¥ZTCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAATCTCTTTTCTCATGATTC
ggggg¥éGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGAGCCAATGTGTTCCA
?ﬁTCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTATTTTGGATTCGAAGGAGG
égGTCTTCTGATCAGTTTTGTGGATCGTCGGGCGCCAGCGCTGGCAGCGCCAGCGGC
ATGGTGAGCAAGGGCGA
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCTTACTTGTACAGCTCGTCCA
$8$HTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGCTGGTGG

CTTGCTCACCATGCCGCTGGCGCTGCCAGCGCTGGCGCCAGGAGTAAGAAGCACAGG
ACTTGA
GCAATTCGATCCGGGACCT

AGTCGACCTGCAGCCC
CACATGCGTCCGCGTACAGCGGTACCGGCGGCGGCCGCATGGCGGAGGATATGGCT

CCGGTGGATCCAAGCTTCTCGAGCCCGGGGGAATTCTCAAATTCGTACACGCTTGACA
TCA
CGACGATCCACAAAACTGATCAG

AGTCTTTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGTG
AGCAAGGGCG
TTTTTCAATTAAACCCAGTTGTGATTCCATGCTGCCCTTGTACAGCTCGTCCATGC

ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGGAATCACAACTGGGTTTAA
T
CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTAGGAGGTACTTGCACCC

CATGTTATCCTCCTCGCCCTTGCTCACCATGCCGCTGGCGCTGCCAGCGCTGGCGCCA
TTGGTGGAGAGTTTCCAA
ATGGTGAGCAAGGGCGAG

CTTGTACAGCTCGTCCATGCC
ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGGCTGGTGGTAACGAAGT

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTAAGGAGTAAGAAGCACAG
GACTT
GGCGCCGCTGCCGGCGCTGCCGCTGGCCTTGTACAGCTCGTCCATGCC

GCCAGCGGCAGCGCCGGCAGCGGCGCCATGGTGAGCAAGGGCGA

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTACTTGTACAGCTCGTCCA
TGC
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTACACCTTCCTCTTCTTCTTTG
GCTTGTACAGCTCGTCCAT
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTAGATGGTCAGGGTGCCGAAC
TTCTTGGTCATCTTGTACAGCTCGTCCAT
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTACTTGTACAGCTCGTCCAT

TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGTGAGCAAGGGC
GA
GCCGCTGGCGCTGCCAGCGCTGGCGCCCTTGTACAGCTCGTCCATGC

GGCGCCAGCGCTGGCAGCGCCAGCGGCATGAAGAGAGATCATCATCATCATC

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTAATTGGTGGAGAGTTTCC
AA
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0oTB291

0TB292
0TB293
0TB296

oTB297

oTB299

oTB300

oTB301
oTB302

oTB303
oTB304
oTB318
oTB319
oTB320

oTB321
oTB322
oTB323
oTB324
oTB325
0oTB326
oTB329
0oTB330
oTB331

0TB332

oTB367

oTB368

TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGCCAAAGAAGAAG
AGGAAGGTGATGGTGAGCAAGGGCG
TCCACCGGCGGCATGGACGAGCTGTACAAGGGCAGCATGGCTGGTGGTAACGAAGT

GCAATTCGATCCGGGA

CCACCGGCGGCATGGACGAGCTGTACAAGGGCGCCAGCGCTGGCATGAAGAGAGATC
ATCATCATCATC
CCACCGGCGGCATGGACGAGCTGTACAAGGGCGCCAGCGCTGGCAGCGCCATGAAGA
GAGATCATCATCATCATC
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGTGAGCAAGGGC
GA
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTACACCTTCCTCTTCTTCTTTG
GCTTGTACAGCTCGTCCATGC
ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGGCTGCGAGCGATG

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCTTAACATTCCGCGTTTACAA
ACGC
ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGGCTGGAAGTGAAGAAG

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCTCATTGGCATTCTGCGTTTA
TCCACCGGCGGCATGGACGAGCTGTACAAGGGCAGCATGAAGCGCAGTACTACC
ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGAAGCGCAGTACTACC

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCTTATTTGGATTCTGGAAGAG
GT
GATATCGAATTCGATAGTGCTGG

GGTGGACTAGTCAATTCCG
AGGTCCCGGATCGGAATTGACTAGTCCACCATGTCATCGAACACTTCACG
AGCACTACCAGCACTATCGAATTCGATATCAATCAAGGGAAATTCTGTGAGG
AGGTCCCGGATCGGAATTGACTAGTCCACCATGGTCTCCGGAGGTGG
AGCACTACCAGCACTATCGAATTCGATATCTGAAGAGGGCATCATCATCATTAGAGG
AGGTCCCGGATCGGAATTGACTAGTCCACCATGTCAGGCTCTAGGCCG
AGCACTACCAGCACTATCGAATTCGATATCCTTGTTTGCTGCAGCGAGTT

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAAGCAAAACCCTTA
$§}CTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAGTTTGGCGAGCGATAATA
?g;ﬂTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGAAGCAAAACCCT
Eﬁg%TCCTCGCCCTTGCTCACCATGCTGCCGTTTGGCGAGCGATAATAAC
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Table 5.3: Oligonucleotides designed and used for RT-gPCR experiments in this work

Oligonucleotide
0TB351
0TB352
0TB359
0TB360
0TB361
0TB362

Sequence (5> 3')

GAPDH Fwd GTCTCCTCTGACTTCAACAGCG
GAPDH Rev ACCACCCTGTTGCTGTAGCCAA
EGFP Fwd GGGCACAAGCTGGAGTACAA
EGFP Rev GTCCTCGATGTTGTGGCG
mCherry Fwd AAGCAGAGGCTGAAGCTGAAGG
mCherry rev GCGTTCGTACTGTTCCACGATG

Table 5.4: Guide RNAs designed and used in this work.

gRNA

Firefly 1
Firefly 2
EGFP 1
EGFP 2
hCDK1 1
hCDK1 2

Sequence (5> 3")
GAGGTGGACATTACCTACGCCGAGTACTTC
CACGGTAAAACCATGACCGAGAAGGAGATC
CTGGACGGCGACGTAAACGGCCACAAGTTC
ACCCAGTCCAAGCTGAGCAAAGACCCCAAC
GGGCACTCCCAATAATGAAGTGTGGCCAGA
GCCAGAGCTTTTGGAATACCTATCAGAGTA
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7.1.1 Mammalian cell-based platform for quantitative reconstruction of plant signaling

pathways

Mammalian cell-based platform for quantitative
reconstruction of plant signaling pathways
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ABSTRACT

Plant signaling networks are build out of highly complex and intertwined sequences of
events for the integration of internal and external stimuli. Since many of the individual
components possess redundant or overlapping function, their isolated analysis in
plants, especially in a quantitative fashion, is particularly complicated. Here, the study
of such signaling events in orthogonal systems, with highly reduced crosstalk to other
plant specific signaling processes, like yeast or in vitro systems, gained interest in the
last years and helped sharpening the understanding of such processes. Nevertheless,
especially yeast systems demonstrate some major drawbacks in terms of generation
of false assumptions. In many cases, mammalian cells mimic the natural cellular
environment of the monitored processes more closely by providing conserved post-
translational modifications or co-factors essential for interaction of proteins. Here we
present the design and characterization of a toolbox of quantitative tools for the
analysis of plant signaling processes in the orthogonal system of mammalian cells.
Focusing on the recapitulation of interaction events during the formation of the
gibberellic acid perception complex and selected downstream signaling events,
described in previous studies, our platform allowed us optimization of our approaches
and even expand the knowledge for supporting the future analysis of such processes

in their endogenous organism.
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Introduction

Plants as sessile organisms employ phytohormones to constantly adapt their behavior to
changing environmental conditions. These phytohormones represent structurally unrelated
molecular compounds collectively regulating diverse processes of the plants” life cycle
(Santner et al., 2009). Vital growth and developmental movements and mechanisms are i.a.
controlled and regulated by diterpenoid phytohormones called gibberellins (GAs) (Yamaguchi
and Kamiya, 2000; Ueguchi-Tanaka et al., 2005). Their perception by specific intracellular
receptors activates a signal relay leading to changes in gene expression. GA perception and
signaling involves three main components: GA receptors, F-Box proteins belonging to a SCF
E3 protein ligase complex and GA regulator proteins. In Arabidopsis thaliana, all of these
components have undergone multiplication events resulting in 3 GA receptors (GA
INSENSITIVE DWARF1 (GID1) a, b and c), two F-Box proteins (SLEEPY1 (SLY1) and
SNEEZY (SNZ)) and five DELLA regulators of GA response belonging to the GRAS-family of
transcriptional regulators in plants (GA-INSENSITIVE,GAI; REPRESSOR-of-ga1-3, RGA,;
RGA-like1, RGL1; RGL2 and RGL3) (Dill et al., 2004; Murase et al., 2008). GAs are perceived
by GID1 leading to a conformational change of the latter which allows their interaction with
DELLA regulators. The GA-GID1-DELLA cluster associates to the SCF complex via the F-Box
SLY1/SNZ and DELLA becomes polyubiquitinated and consequently degraded by the 26S
proteasome resulting in GA downstream signaling responses (Daviere and Achard, 2013).
The above-mentioned combinatorial complexity and redundancy of signaling components
makes it particularly difficult to analyze GA signaling in planta. Already established methods
such as knock-out mutant plants, reporter assays, western blots and Yeast-2-Hybrids (as
orthogonal systems) unveiled many aspects of GA signaling (Dill et al., 2004; Griffiths et al.,
2006). Nevertheless, they display some limitations regarding the roles of individual proteins
and interactions thereof as well as kinetic aspects. In order to tackle these obstacles of
functional redundancy and interdependence of GA-dependent signaling components,
synthetic biology approaches offer a large toolbox of applications from the modification or the
recombination of existing genetic elements up to rebuilding of sensitive and complex biological
circuits such as signaling pathways in orthogonal systems, isolated from their native context
(Lienert et al., 2014). Mammalian cells as a platform for the analysis of plant signaling events
mimic the natural cellular environment of such processes more closely, when compared to
other in vivo systems like yeast or in vitro approaches. Parameters like conserved post

translational modifications of proteins or the availability of cofactors, essential for interaction
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of the analyzed components, reduces the likelihood of observing wrongly drawn conclusions
(Fiebitz et al., 2008; Hou et al.,, 2011; Beyer et al., 2015). Further, the availability of
quantitatively described building-blocks enables the implementation of mathematical
modeling. This allows successive standardization of newly discovered components or their
expression levels (Endy, 2005; Mutalik et al., 2013). In recent years, a plurality of approaches
for the heterologous, orthogonal reconstruction and analysis of complex plant signaling
pathways in a simplified, optimized mammalian environment have been generated (Wend et
al., 2013; Beyer et al., 2015; Abbas et al., 2018; Blanco-Tourifian et al., 2020; Gratz et al.,
2020), illustrating their importance. This platform allows the step-by-step-analysis of isolated
components in initial studies, but further in facilitating the sharpening of today ‘s knowledge of
plant signaling pathways as a whole and even provides the availability of independent
methods for verifying the generated hypothesis.

In this study, we aimed on the development and characterization of a toolbox of (quantitative)
approaches for the quantitative reconstruction of plant signaling events in our platform of
mammalian cells. While we analyzed the transactivation ability of transcription factors with a
mammalian-1-hybrid (M1H) approach, the influence of additional transcription factors on these
processes was observed. In addition, we established M2H up to M4H approaches and
microscopy-based FRET techniques for the quantification of protein-protein interactions
(PPIs) and the investigation on the order of interaction events during the formation of
complexes of more than two proteins. In order to have a centralized objective for the
establishment of the mentioned approaches, we focused our efforts on the analysis of PPIs
and selected downstream signaling events connected to the GA perception induced signal

transduction.

Results

Mammalian-1-hybrid (M1H) approach for the analysis of the transactivation ability of
transcription factors

DELLAs are transcriptional regulators and hubs for integration of different signaling pathways
of plant development and stress-responses (Locascio et al., 2013; Marin-de la Rosa et al.,
2014). Nevertheless, they lack the typical DNA binding domains. Their influence on
transcriptional regulation therefore is mainly mediated by influencing other transcription factors
(e.g. PIFs) (Daviere et al., 2008; Feng et al., 2008; de Lucas et al., 2008; Schwechheimer,
2012; Locascio et al., 2013). As a proof of principle for recapitulating the transcriptional
regulation of a plant derived transcription factor in our mammalian platform, related to GA-

dependent signaling processes, we have chosen the transactivation ability of the transcription
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factor ARABIDOPSIS RESPONSE REGULATOR1 (ARR1). While its binding to synthetic cis-
element sequences containing B-type ARR-binding motifs (TCS target element) on DNA was
shown (Miller and Sheen, 2008), Y2H and ChIP approaches indicated the promotion of
DELLAs on transcriptional activation of ARR1 to the mentioned DNA-element (Marin-de la
Rosa et al, 2015). In plants, ARR1 is usually activated through cytokinin-dependent
phosphorylation. For functionality in mammalian cells, the ARR1ADDK mutant (lacking the
CK-responsive DDK domain) was used, which showed increased activity in the absence of
CKs (Sakai et al., 2000).

ARR1 was co-transfected with the TCS element, incorporated into a reporter gene construct,
upstream of a minimal version of the human cytomegalovirus promoter (Phcmvmin). Single
transfection of the reporter acted as negative control to exclude interference with
transcriptional regulators endogenous to the human cells. Upon binding of the transcriptional
activator to the respective element, transcription of the human secreted alkaline phosphatase
(SEAP) is initiated. For identifying transcriptional regulators which are able to bind to the
specific motifs but lacking the capability of transcriptional activation, fusion of the VP16
transactivation-domain was additionally performed. Analyzing the influence of DELLA proteins
on transcriptional activation capability of ARR1, the DELLA proteins RGA and GAIl were co-
transfected (Figure 1 A). 24 hours after transfection, the determination of the SEAP production
was quantitatively analyzed by a previously described colorimetric assay (Miiller et al., 2014a;
Beyer et al., 2015). In the first set-up with the objective of the transactivation ability of ARR1
to the synthetic TCS element (M1H), no autoactivation of the reporter construct was identified,
while the co-expression of ARR1 induced a significant increase in expression of the SEAP
reporter of about 26 U/L. Co-expression of the DELLA proteins RGA or GAl and ARR1 (M1H")
led to another significant gain of SEAP expression between 35 and 40 U/L, while the fusion of
VP16 to both DELLAs did not further increase the gene expression. Moreover, the VP16-fused
ARR1 led to comparable results as with the non-fused variant, but with slightly higher SEAP
values in case of co-transfection of the DELLA proteins of around 40-45 U/L for the four
combinations (Figure 1 B). The performed experiments highlight the applicability of the
orthogonal platform of mammalian cells for investigation on transcriptional activation of plant
transcription factors (M1H) and further the influence of additional proteins on their behavior in

a crosstalk-reduced environment (M1H").

Mammalian-x-hybrid (MxH) assays analyzing gibberellic acid-induced DELLA-GID-
interactions

In order to analyze the existence and order of protein interactions during GA perception in the
orthogonal system of mammalian cells, we adapted and optimized a previously described

macrolide repressor-based split transcription factor system (Muller et al., 2013) for the analysis
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of GA-induced interactions. In brief, one transcription factor is fused to a transactivation
domain (VP16), while the possible interaction partner is bound to the DNA-binding macrolide
repressor protein (E). E binds to a specific DNA-motif (erythromycin resistance operator; etrg)
adjacent to a minimal human cytomegalovirus immediate early promoter (Phcmvmin), controlling
expression of the SEAP (human secreted alkaline phosphatase) reporter gene. Lacking
transactivation ability, the E-fused protein is recruited to the etrs motif in the reporter plasmid
without activating gene expression. Only in case of protein-protein-interaction (PPI) the
transactivation-domain VP16, fused to the interaction partner, recruits the transcriptional
machinery to promote expression of SEAP. This approach allows the fast and quantitative
analysis of the respective interactions.

At first, bicistronic vectors containing one of the DELLA proteins RGA or GAl, and the GA-
receptors GID1a, b or c, separated by a polioviral internal ribosome entry site (IRESpv) to
create two independent initiation points of translation, were cloned. While the DELLA proteins
were C-terminally fused to the VP16-transcativation domain, the macrolide repressor (E
protein) was N-terminally fused to either GID1a, b or ¢ (Figure 2 A). In order to eliminate false
negative results, caused by either N- or C-terminal fusion of the natural proteins, the positions
of the DELLA and GID1 proteins were inverted (Figure 2 B). HEK-293T-cells were transfected
with a combination of reporter- and the bicistronic split-transcription factor construct. Single
transfection of the reporter acted as negative control for endogenous activation of SEAP
production, while a fusion of E and VP16 was used as positive control for cellular fitness in the
different conditions. Previous studies identified the gibberellin analog GAs-AM as being able
to diffuse into mammalian cells, where it is cleaved by esterases, releasing a functional GAs.
At a concentration of 10 uM it was sufficient to induce an interaction between a GID1-receptor
protein and a truncated version of GAI (Miyamoto et al., 2012). Therefore, GAs-AM at this
concentration was used in this study.

In a first experiment, the mentioned two orientations of protein fusion were compared: 24 h
after transfection the cell medium was exchanged, containing either 0.5 pl of a 10 uM solution
of GAs-AM or 0.5 pl of DMSO, per well. Another 24 hours later, 200 pl of the supernatant was
transferred to a 96-well plate and incubated at 60°C for one hour, before the SEAP production
was measured in a micro plate-reader. SEAP production of both orientations of all six
combinations were compared to each other (Figure 2 C and D). Pairs of DELLA-VP16 and E-
GID1 (Figure 2 C) revealed a GA-dependent induction in SEAP production of more than 50
U/L for all combinations, with a higher level in combination with GAI, respectively. Both DELLA
combinations with GID1a possessed the highest production of the reporter protein. Reversed
orientations of protein-fusion indicated a much weaker SEAP production of less than 50 UI/L,
with comparable induction among the three GID1 combinations with the respective DELLAs.

As for the inverted protein fusions, combinations with GAl possessed higher SEAP values of
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around 40 U/L, compared to 10-20 U/L for the combinations with RGA (Figure 2 D). Although
we successfully demonstrated GA-dependent interactions of the DELLAs and GID1s for both
variants of protein fusion, our results highlight the importance for validation of construct
functionality. Since the E-GID1/DELLA-VP16 generated a much stronger induction of GA-

dependent SEAP production, we continued with these constructs in the following experiments.

Mammalian-3- and 4-hybrid assays for the investigation on the order of complex-
formation during GA-perception

Although previous studies revealed that the SCFS-Y! complex targets DELLA proteins for
degradation in the presence of GA (Dill et al., 2004; Fu et al., 2004), only a study performed
in yeast reveled a direct recognition of the GA-GID1-DELLA complex by the F-box protein
SLY1 in yeast three-hybrid assays (Griffiths et al., 2006). To address this question,
mammalian 3- and 4-hybrid assays were performed. In order to have combinations of all
components of the GA-perception mechanism tested, the interaction assays were expanded
to analyze the interaction of the F-Box Protein SLY1, responsible for recruitment of the SCF
degradation complex. Thus, combinations of E-SLY1 and DELLA-VP16, as well as E-GID1
and SLY1-VP16, and vice versa, were tested (Figure S1 and Figure S2). In all assays, no
increase in SEAP production was monitored. Neither in the DMSO-supplemented control, nor
in the GAs-AM-condition.

Lastly, the interplay of all three different protein-families was tested in mammalian-4-hybrid
assays. The already existing bicistronic vectors of all possible interaction partner combinations
were transfected and SEAP production in the presence and absence of GAs:-AM was
quantified subsequently. Other than in the previous experiments, nuclear localized variants of
the missing third component, without being fused to E or VP16, was co-transfected to analyze
its influence on the SEAP production (illustrated in Figure 3 A, B and C). With small variations,
the combinations of DELLA-VP16 and E-GID1 showed the same pattern of GA3-AM induced
SEAP production as described in the previous experiments. All combinations indicated a GA-
dependent increase in SEAP production, with a highest measured SEAP-level in case of
GID1a, respectively. The additive transfection of SLY led to no further increase in SEAP-
activity of all measured protein combinations (Figure 3 E). In the presence of GAs-AM, co-
transfection with either GAI or RGA boosted the SEAP production of the E-GID1/SLY1-VP16
split transcription factor construct level in all six cases. Again, the combinations featuring
GID1a indicate the strongest level of reporter production, while co-transfection of GAl induced
a stronger SEAP expression than addition of RGA in case of all three different GA-receptor
variants (Figure 3 D). Supplementation of the three GID1s did not lead to any elevation of
SEAP-activity of the E-DELLA/SLY1-VP16-constructs in all cases (Figure 3 F).

104



Appendix

223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

258
259

In summary, our observations support the previously indicated order of events during the
formation of the GA-perception complex analyzed in yeast (Griffiths et al., 2006). The GA-
dependent interaction of the GID1s and DELLAs increases the affinity of the GA-GID1-DELLA
complex for SLY1, initiating the interaction with the F-Box protein. We not only expanded this
observation to the interaction of the two DELLA proteins GAl and RGA, in combination with
the three known GA-receptors of A.thaliana, but furthermore observed the mentioned
complex-formation for only one of the studied orientations of proteins in our mammalian-hybrid

system. These results might give insights on the structure and stability of the complex.

Gibberellic acid induced co-localization of GAl and GID1b

In order to be able to visualize possible GA-dependent translocation of co-transfected DELLA
and GID1 proteins in isolation from other plant signaling components, the DELLA protein GAI
was fused to the fluorescent protein mCherry and was expressed under the control of the
constitutive mammalian cell compatible SV40 promoter. In a similar design, the GA-receptor
GID1a, b and ¢ were fused to the fluorescent protein EGFP, allowing combined observation
of the different emission wavelengths by confocal fluorescence microscopy. Since both,
fluorescently tagged GAl and the three GID1s were ubiquitously expressed all over the
mammalian cells (data not shown), we artificially created the nuclear localization of mCherry-
GAl by fusing it to a nuclear localization sequence (NLS). Creating spatially distinct expression
patterns, this configuration enabled the possibility of observing possible translocation events
(Figure 4 A). Mammalian cells were transfected with both, a GAl and a GID1-containing
plasmid. After 24 hours, supplementation of GAs-AM was performed. Four hours after
treatment, fixation and mounting of the cells led to the possibility of observing the intracellular
localization of the fluorescently-tagged proteins under different conditions, to monitor possible
interaction events and their hormone dependency. Additional to GAs-AM-treated cells,
localization behavior was observed in the absence of the hormone, using DMSO as a control
condition, since it served as hormone-solvent.

The fusion of the localization-tag successfully generated the expected localization of mCherry-
GAl proteins in the nucleus (Figure 4 B-D). In all combinations of co-transfection of mCherry-
GAIl and EGFP-GID1, no translocation of any of the GID1s was monitored in the DMSO-
controls. All GID1 proteins were evenly distributed throughout the respective cells. However,
upon supplementation of GA3-AM the main part of the EGFP-GID1b fusion protein was
recruited to the nucleus (Figure 4 C). In case of co-transfection with EGFP-GID1a, a stronger
nuclear signal was monitored (Figure 4 B), while the detected EGFP-GID1c did not change its

distribution, compared to the DMSO-control condition (Figure 4 D).
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Improvement and characterization of GA-induced interactions between GAl and GID1b
with FRET- acceptor photo bleaching (FRET-APB) experiments

To expand the value of microscopical approaches to a quantitative level, FRET-based
techniques are effective resources for quantification of dynamic protein-protein interactions
(PPIs) in vivo (Weidtkamp-Peters and Stahl, 2017). All FRET-based approaches depend on
the physical effect of energy transfer from an excited donor-fluorophore, to a second, energy
accepting fluorophore (acceptor) by dipole-dipole coupling. Requirements for this energy-
transfer are the overlapping emission spectrum of the donor with the excitation spectrum of
the acceptor, spatial proximity of only a few nanometers and an optimal angle between the
dipolar moments of both fluorophores (Forster, 1948; illustrated in Figure 6 A).

FRET-APB experiments were performed using fixed cells of the previously described
experimental set-up with combination of different GAI-mCherry- and GID1b-EGFP-fusion
proteins, in order to optimize the reliability and time-consumption of the experimental set-up.
All with the superior aim of finding the construct-combination with the highest dynamic range
between control and GAs-AM-induced FRET efficiency. Subsequently, this strategy will be
expanded to the other GAI-GID1 combinations. Additionally, a GID1b-EGFP-mCherry fusion
protein was constructed, from now on serving as FRET-positive control, enabling the tracking
of the influence of phytohormone on the general FRET efficiency, while guaranteeing the
comparability and reproducibility of independent experiments. In all performed experiments,
its FRET efficiency reached a level of around 20 percent. An experimental set-up, consisting
out of 30 seconds of recording fluorescence intensity previously and subsequently to a two
seconds lasting step of acceptor-bleaching, reduced the acquisition bleaching of the
fluorophores and allowed observation of constant fluorescence-intensity of the respective
fluorescent proteins (illustrated in Figure 5). As many independent factors, like fluorophore
proximity or angles, but also the different environments in the artificially induced protein
localizations, have an influence on the FRET efficiency, different constructs were designed
and constructed for comparison of their FRET-APB based interaction affinities. Here, not only
localization-tags, but C- and N-terminal fusion of the fluorescent proteins and varying linker-
length, influencing the proximity and flexibility of the components within the constructs, were
tested (Figure 6).

The very first experiment was conducted using different localization strategies of the GAI
construct. Therefore, the NLS-tag was removed or exchanged by either a nuclear exclusion
signal (NES) or prenylation tag (CAAX), recruiting the fused protein to the plasma membrane
(Figure 6 B). Overall, all GAI-GID1b combinations indicated a higher FRET efficiency in the
presence of GAsz-AM, compared to the DMSO control condition. The cells expressing the non-

tagged mCherry-GAl generated a FRET efficiency of 4.5 percent after GAs-AM treatment and
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1.5 percent after DMSO supplementation, while all tested localization strategies lifted the
dynamic range between GA-induced FRET and the DMSO-control condition. Here, the
prenylated and the nuclear mCherry-GAl fusions showed an even higher FRET efficiency of
7.1 percent (CAAX) and 7.3 percent (NLS), while the associated DMSO-controls displayed
comparable efficiencies of around 3 percent. Altogether, the combination of NLS as well as
the CAAX fused GAl, in combination with GID1b, generated the highest FRET efficiency in
presence of GAs-AM with the biggest dynamic range between hormone treated and non-
treated conditions. If compared to each other, the choice of NLS-fusion distributes
independence of highly overexpressed areas at the plasma membrane for execution of FRET-
APB measurements, as well as the benefit of accelerated measurements. Here, the rounded
shape of the nuclei facilitated the possibility of bleaching a multiplicity of cells without the need
of rotating the measurement area until the plasma membrane reaches the designated position
for bleaching.

Since the previous experiment indicated the nuclear localized GAI-mCherry to induce the
highest FRET efficiency, GID1b-constructs with N- or C-terminal mEGFP-fusions connected
by a two amino acid linker, in combination with a nuclear localized N- or C-terminal nine amino
acid linker fusion of GAl and mCherry were tested to reveal the most beneficially orientation
of the components within the constructs. Here, the combination of both proteins with N-
terminal fusion of the respective fluorescent proteins, reached the highest FRET efficiency
after supplementation of GAz-AM, as well as the biggest difference between hormone treated
and non-treated cells (Figure 6 C). Further, a decrease in length of the linker between GAI
and mCherry decreased the FRET efficiency from around 9.5 percent for 9 amino acids to
around 6.5 percent for both shorter variants of seven and five amino acids (Figure 6 D). Lastly,
the fluorophores fused to GAI and GID1b were exchanged, respectively. The variant of
mCherry-2aa-GID1b and NLS-EGFP-9aa-GAl reached a FRET efficiency of around 6.8
percent after GAs-AM supplementation. Contrary, the previously described combination
possessed a stronger FRET-level of 8.8 percent in presence of GAs-AM (Figure 6 E). Here,
the higher FRET efficiency of the mCherry-GAl and EGFP-GAI co-transfection led to the
decision of ultimately selecting this combination for the subsequent characterization and
transfer to the two other GA-receptors GID1a and c.

While in all previously described experiments, an incubation time of four hours with GAs-AM
at a concentration of 10 mM was performed, the following experiments revealed the kinetics
and dose response of the FRET efficiency between the beforehand described protein
constructs (Figure 7). During the interval of 240 min of induction, the FRET efficiency did not
increase in the DMSO control condition and remained slightly below 3 percent. While GAs-AM
treatment immediately increased the FRET efficiency to 4.5 percent, it rose to 7.5 percent after

30 minutes. From now on, the level further climbed with a smaller slope and reached the
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highest level of about 9.2 percent after 240 min of hormone induction (Figure 7 A). Longer
time intervals were not measured. The dose response experiment revealed that already a
concentration of 1 nm of GA3s-AM was sufficient for an increase in FRET efficiency to around
8 percent. Higher concentrations of 10 nm kept the FRET efficiency on a comparable level,
while 10000 nm slightly further increased the level to about 9 percent (Figure 7 B).
Summarized, even shorter induction times and lower hormone concentrations induced the
interaction between GAl and GID1b in this approach, but the previously applied four hours of
induction at a concentration of 10 mM GAs-AM led to the overall strongest measured FRET

efficiency throughout the performed study.

FRET-4-hybrid approach for study of the order of protein interactions during GA
perception complex formation

After the interaction between GAl and GID1b was extensively studied, the next step was to
add the third component to the FRET-APB approaches. Therefore, the F-box protein SLY1
was fluorescently tagged with either mCherry or EGFP to enable the FRET-APB measurement
in combination with the previously characterized GAlI and GID1b constructs. In addition, a
nuclear localized, non-fluorescent variant of the third component was co-transfected,
respectively (Figure S3). While the combinations with fluorescently tagged SLY1 all possessed
a FRET efficiency below four percent, in presence or absence of GAs-AM, co-transfection of
either GID1b-NLS or GAI-NLS did not increase the FRET level. Further, co-transfection of
SLY1-NLS did not increase the FRET efficiency of EGFP-2aa-GID1b and NLS-mCherry-9aa-
GAl in the performed study. Without SLY1-NLS, GAs-AM treatment boosted the efficiency to
7.8 percent, while addition of the F-box protein resulted in a FRET level of 6.7 percent. In
conclusion, no direct interaction SLY1 with either GAI or GID1b could be measured with the
performed FRET-ABP analysis and co-transfection of SLY1-NLS did not further increase the
FRET efficiency of GAl and GID1b.

FRET- acceptor photo bleaching (FRET-APB) and FRET - fluorescence lifetime imaging
microscopy (FLIM) approaches identify GA-dependent interactions between GAI and
GID1a,band ¢

Finally, the construct design of EGFP-2aa-GID1b was transferred to the two other GID1s.
Since all three sensors are highly similar in sequence, a comparable mode of interaction with
GAIl was considered. Additionally, a nuclear localized EGFP was constructed for excluding
wrongly measured interactions caused by protein overexpression in the area of the cellular
nucleus. At first, possible interactions were analyzed with the already established FRET-APB
approach (Figure 8 A). While the donor-only control showed no FRET signal, the combination
of NLS-EGFP and the GAl-construct possessed a slightly higher level of around two percent
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in both conditions. In all three GID1-GAIl combinations, GAs-AM supplementation significantly
increased the FRET efficiency with the highest measured value of 8.5 percent for the co-
transfection of GID1b.

In order to revise the results from the FRET-APB measurements, highly sensitive FRET-
fluorescence lifetime imaging microscopy (FLIM) measurements were mostly performed in the
same experimental set-up with the only difference of use living cells, without fixation.
Combinations of mMEGFP-GID1a, b and ¢ with NLS-mCherrry-GAl constructs were tested on
potential fluorescence lifetime reduction of the EGFP-donor, with or without supplementation
of GAs-AM. As before, single transfection of the mEGFP-GID1b donor and the fusion protein
of GID1b-mEGFP acted as negative and positive control in this assay (Figure 8 B; Table S1).
In the single transfection set-up, GID1b fused to mMEGFP indicated a fluorescence lifetime of
around 2.49 after DMSO supplementation ns and 2.48 ns in the presence of GAs-AM, while
the GID1b-mEGFP-mCherry fusion possessed an average lifetime of about 2.13 ns in the
DMSO supplemented cells and 2.10 ns in GA-treated counterparts. These two lifetimes
indicate the range from no FRET effect (donor only) to fusion of both fluorophores. Therefore,
both controls are marking the boarders of the measurable lifetime decrease of these proteins
in this approach. Overall, these numbers indicate an influence of GAs-AM on fluorescence
lifetime of 10-30 picoseconds. Combination of all three GID1s with NLS-mCherry-GAl led to
comparable fluorescence lifetimes of the donor at 2.48 ns for GID1a, 2.47 ns for GID1b and
2.46 ns for GID1c in the DMSO control condition. While the decrease in lifetime of the EGFP-
fused GID1a only slightly exceeded the measured drop caused by GAs-AM, with a decrease
of 40 ps after GA3-AM supplementation, combination with GID1c led to a decrease in lifetime
of 70 ps. In case of GID1b, even a decrease of 130 ps was measured (Figure 8 B, Table S1).
Both applied strategies of measuring the PPI of the three GID1s and the DELLA protein GAI
successfully revealed a GA3-AM dependent interaction of both, supporting our data obtained

with the mammalian-hybrid approaches.

Discussion

In this study, we introduce a toolbox of synthetic biological tools for the quantitative analysis
of plant signaling processes in an orthogonal mammalian cell system. Moreover, combinatorial
application of the established mammalian-hybrid- and microscopy-approaches avoid a one-
sided view on the pathway of interest by relying on a single experimental approach.

M1H to M4H approaches robustly reveal possible PPI or Protein-DNA-interactions, with almost
no leakiness in the absence of either the activating transcription factor (M1H) or the interaction
inducing hormone (M3H). Further, the supplementation of additional factors was sufficient to
increase the activation capacity of a transcription factor in the M1H* approaches, or even

mediated the interaction of the two parts of the split transcription factor system (M4H).
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They highly underline the capability of this platform for recapitulating, supporting or even
extend the knowledge generated by previous in vitro, in yeast or in vivo studies in plants,
dealing with GA-affinities of the three gibberellin-receptor protein GID1a, b and ¢ or the GA-
dependency of their interaction with the negatively influencing downstream regulators of the
DELLA family (Griffiths et al., 2006; Nakajima et al., 2006; Suzuki et al., 2009). This study
expands the investigation of the formation of the GA-perception complex, previously analyzed
in yeast (Griffiths et al., 2006), to all three GID1s and the two DELLA proteins RGA and GAI
and indicates the recruitment of SLY1 to the respective DELLA protein, after previous GID1-
DELLA complex formation upon GA-perception by the GID1 receptors. If this hypothesis is
true, it could explain SEAP-induction in case of co-expression of the DELLAs as no part of the
split transcription-factor (Figure 3 D), since this protein complex might guarantee a more
beneficial orientation or smaller proximity of the transactivation domain to the minimal
promoter in the M4H assays. However, a reason for the absence of SEAP-expression in case
of supplemental GID1 expression (Figure 3 F) could be the low stability of the complex in this
composition. Taken together, we have developed and established a range of powerful
mammalian-hybrid approaches for screening of protein-DNA or protein-protein interactions,
allowing extensive and fast studies of plant signaling networks in a quantitative manner.

The microcopy approaches not only allowed to analyze protein (co)localization, but moreover
enabled the quantitative study of interaction affinities with different approaches and added
knowledge to the attempt of deciphering the structure of a GA-GID1-DELLA-SLY1-complex.
Our FRET-based approaches not only supported the identification of GA-dependent
interactions between GAIl and GIDa-c (Figure 8), but allowed the detailed analysis of the
interaction of GAl and GID1b, with induction at a hormone concentration of down to 1 nm of
GAs-AM (Figure 7 A). The much faster mammalian-hybrid approaches could be used for a first
screening of possible interaction partners, while transfer of detected interactors to microscopy
analyses might help deepen the understanding of the possible interactions by revealing protein
localizations and provide an independent second method for verifying PPIs in a highly
sensitive manner.

Our mammalian cell platform offers a versatile toolbox for quantitatively characterization of
plant signaling networks from analyzing simple PPIs to the order of complex-formation, to
mobility of single proteins or complexes (e.g. by combination with other approaches like
anisotropy or FRAP (fluorescence recovery after photobleaching) measurements in future
experiments. Taken together, our toolbox of quantitative approaches, could strongly support
the analysis of such processes in the originated plant system by providing a crosstalk-reduced
platform which mimics the natural cellular environment of the monitored plant-originated

processes more closely than yeast or in vitro systems.
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Materials and Methods:

Mammalian cell culture

Human embryonic kidney cells (HEK-293T; 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. P080317TC) and 1.4% (v/v) penicillin/streptomycin (PAN Biotech; cat.
no. P06-07100).

Hormones/Substrates/Chemicals
The GA Gibberellic Acid Acetoxymethyl Ester (GAs-AM) was purchased from Santa Cruz
Biotech.

PEI transfection, hormone-induction and SEAP assays

For Mammalian-Hybrid experiments, 50,000 HEK-293T cells were seeded in 500 yl DMEM
cell culture medium in 24-well cell culture dishes (Corning). Human embryonic kidney cells
(HEK-293T; 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. P080317TC) and
1.4% (v/v) penicillin/streptomycin (PAN Biotech; cat. no. P06-07100).

The cells were transfected 24h post seeding as described before (Miiller et al., 2013). Briefly,
0.75 pug 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]. 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. Another 20 h later, the medium was exchanged with either GAs-AM or DMSO
containing DMEM cell culture medium (10 yM GAs-AM and 1/1000 DMSO). The reporter

SEAP was quantified using a colorimetric assay as described elsewhere (Miiller et al., 2014b)

Confocal Microscopy and FRET-APB measurements

For confocal imaging, 50,000 mammalian HEK-293T cells in a density of 50,000 cells were
seeded onto glass cover slides and placed in 24- well cell culture dishes.

24 h after seeding, cells were transfected with the indicated plasmids. Another 24 h later, the
medium was exchanged, with either GAs-AM or DMSO-containing DMEM (10uM of GAs-AM
or 1/1000 of DMSO if not described differently). After incubation of 4 h (if not described
differently), the growing medium was removed and replaced by 4% Paraformaldehyde, while

the cell culture dish was put on ice for 10 min. After being incubated another 10 min at room
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temperature, the PFA was removed and cells were washed with 500 pyL of 1 x PBS. The
coverslips were embedded in 8 uL of Mowiol 4-88 (Roth) supplemented with 15 mg mL-1 1,4-
diazabicyclo[2.2.2]octane (DABCO, Roth) to be mounted onto microscope slides (as
described by Beyer et al., 2015; Blanco-Tourifian et al., 2020). In order to accelerate drying,
the microscope slides were incubated at 37°C for 30 min. The confocal imaging was performed
using a Nikon Instruments Eclipse Ti with a C2plus confocal laser scanner, 60A oil objective,
NA = 1.40). While EGFP-fluorescence was excited with a diode laser of 488 nm and detected
between 505 and 545 nm, while the mCherry signal was excited with a laser of 561 nm and
detected between 570 and 620 nm.

FRET-APB measurements were operated with the NIS elements software (Nikon) using a
laser power of 0.1 % of the 488 nm laser and 0.5% for the 561 nm laser to avoid acquisition
bleaching of the fluorophores before bleaching. The frame size was kept at 512 x 512 pixels.
After 30 seconds of acquisition the mCherry signal was bleached in a region of interest (ROI)
with the 561 nm laser at a laser intensity of 100%. Subsequent to bleaching, the fluorescence
intensity of both signals was recorded for another 30 seconds. The FRET efficiency was
calculated by analyzing the percentage of relative changes in EGFP intensity before and after
bleaching: EFRET = ((EGFPafter-EGFPhefore)/(EGFPater)) * 100. For each condition, 10 cells

were analyzed and the average EFRET was calculated.

FRET-FLIM measurements

For FRET-FLIM measurement, 100,000 HEK-293T cells were seeded into chambered 4-well
glass bottom dishes (Sarstedt). While the transfection was performed in the same way as
described before, here, living cells were imaged. They were covered with a live-cell imaging
solution (Thermo fisher) supplemented with either 10uM of GA3-AM or 1/1000 of DMSO, 24 h
after transfection. After 4 hours of incubation with the hormone or DMSO containing solution,
FRET-FLIM was performed using a LSM 780 confocal laser-scanning microscope equipped
with a single-photon counting device (PicoQuant Hydra Harp 400). The EGFP signal was
excited at a wavelength of 485 nm using a linearly polarized pulsed laser (pulse rate: 32 MHz;
laser: LDH-D-C-485, PicoQuant). Before measurement, the pinhole was set to 1 airy unit (AU)
and the excitation power was adjusted to 1 yW using the C-Apochromat objective (40x/1.2 W
Corr M27). The emission was detected with a by Tau-SPAD detectors (PicoQuant) with a
band-pass filter (520/35, AHF)). Fluorescence of mCherry was excited at 561 nm using a
continuous wave with the laser power set to 0,1%, while the emission was detected at with a
band pass filter between 572 and 642 nm (HC 607/70, AHF).

For image acquisition a resolution of 256 x 256 pixel with a zoom factor of 4 and 12.61 ps of
pixel dwell time was chosen. For each measurement a series of 80 frames was taken and

further analyzed using SymphoTime64 (PicoQuant). For every measurement, only pixels with
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a minimum of 100 photons per pixel were included and fitted with a bi-exponential decay
function model, incorporating the instrument response function and background contribution,

enabling the calculation of the fluorescence lifetime.

Data analysis

The data was, unless otherwise specified, analyzed using Microsoft Excel (Version 16.26 for
Mac Os X) and GraphPad Prism 7 for Mac Os X version 10.13.1. Ordinary one-way ANOVAs
and student’s t-tests for determination of statistical significance were performed with
GraphPad Prism 7 for Mac Os X version 10.13.1. Statistical outliers were determined and

excluded as described elsewhere (Jacobs and Dinman, 2004).
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Figure 1: Synthetic reconstruction of DELLA-mediated regulation of transcriptional activation of ARR1 proteins in
human embryonic kidney cells (HEK-293T). (A) Mode of function of mammalian one hybrid (M1H) and mammalian one hybrid*
(M1H*) experiments. The plant transcription factor ARR1 activates transcription of the SEAP reporter gene upon binding to
repetitions of the TCS element (M1H). The presence of DELLA proteins further enhances this activation (M1H*). The reporter
construct consisting out of the human secreted alkaline phosphates (SEAP) under the control of the human cytomegalovirus
minimal promoter (Phcmvmin), positioned downstream of repetitions of the TCS-element. The reporter plasmid was co-transfected
with ARR1 (ARR1ADDK) with or without being fused to the VP16 transactivation domain (M1H). Additional co-transfection of
either GAl or RGA, as well as VP16-fused versions of both DELLAs was performed (M1H*). (B) 24 h post transfection of the
listed components, SEAP activity was quantified by a colorimetric assay. n = 4, error bars represent one standard error of the
mean (SEM). One-way analyzes of variance (ANOVA) were performed with p < 0.05.
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Figure 2: Comparison of mammalian-2 and 3-hybrid experiments analyzing interactions of DELLA and GID1 proteins of
A. thaliana in human embryonic kidney cells (HEK-293T). (A) and (C) Scheme of the mammalian-hybrid detection system,
investigating the possible interaction of GID1-receptors and DELLA proteins in the presence (M3H) or absence (M2H) of
gibberellic acid (GAs-AM). GID1a, b or ¢ (A) or DELLA proteins GAIl or RGA (C) were N-terminally fused to the DNA-binding
macrolide repressor (E), tethering it to the etrs operator site on the reporter plasmid. Recruitment of GAl or RGA (A) or GID1a, b,
¢ (C), C-terminally fused to the VP16 transactivation domain, recruits the transcriptional activation machinery to the
cytomegalovirus minimal promoter (Pcumvmin) and induces the expression of the secreted alkaline phosphatase reporter gene. (B)
and (D) Macrolide repressor-based split-transcription factor system for analysis of GA-dependent interactions between E-GID1
and DELLA-VP16 (B) or E-DELLA and GID1-VP16 (D). 50,000 HEK-293T cells were seeded in 24-well plates and transfected
24 hours later with a reporter plasmid, containing the human secreted alkaline phosphatase (SEAP) under control of the human
cytomegalovirus minimal promoter, positioned downstream of repetitions of an operator sequence for E (etrs). A constitutively
expressed fusion of both, the DNA-binding domain (E protein) and the Herpes simplex-derived transactivation domain (VP16)
acted as positive control for gene expression, while single transfection of the reporter was used as a negative control for controlling
leakiness of the system in the different conditions. For quantitative analysis of GA-dependent interactions, a bicistronic vector
containing the mentioned protein combinations, was co-transfected. 24 hours post transfection, the medium was exchanged by
fresh medium containing either 10 uM GAs-AM, dissolved in DMSO, or DMSO as a control. Another 24 hours SEAP production
was quantified using a colorimetric assay. n = 4, error bars represent one standard error of the mean (SEM).
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Figure 3: Mammalian-3 and 4-hybrid experiments analyzing the order of complex-formation during GA-perception in
human embryonic kidney cells (HEK-293T). (A), (B) and (C) Molecular design of the mammalian-hybrid detection system,
investigating the order of possible interaction of SLY1, GID1-receptors and DELLA proteins (right) in the presence or absence of
gibberellic acid (GA). The GID1-receptors (A and B) or a DELLA protein (C) were fused to the E DNA-binding domain, tethering
it to the etrs operator side on the reporter plasmid. In case of interaction, recruitment of SLY1 (A and C) or DELLAs (B) fused to
the VP16 transactivation domain recruits the transcriptional activation machinery and induces the activation of the secreted
alkaline phosphatase reporter gene under the control of the cytomegalovirus minimal promoter (M3H). Co-transfection of the third
component (M4H) further analyzes if it is necessary for mediating the interaction of both parts of the split transcription factor. (C),
(D) and (E) 50,000 HEK-293T cells were seeded in 24-well plates and transfected 24 hours later with the indicated components
24 hours post transfection, the medium was exchanged by fresh medium containing either 10 yM GAs-AM, dissolved in DMSO,
or DMSO as a control. Another 24 hours SEAP production was quantified using a colorimetric assay. n = 4, error bars represent
one standard error of the mean (SEM).
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Figure 4: GA-dependent nuclear recruitment strategy for studying the interaction of DELLA- and GID1-fusion proteins.
(A) lllustration of the GA-dependent nuclear recruitment. The DELLA fusion proteins were C-terminally linked to an NLS
sequence, inducing their recruitment to the nucleus of the expressing cells, while the GA-receptor proteins GID1a, b and c were
equally expressed in all cellular compartments. Upon supplementation of the phytohormone GA, a possible interaction between
respective DELLA and GID1 proteins, induces a translocation of the EGFP-GID1 fusion proteins, generating a co-localization of
both in the area of the nucleus. (B) Confocal fluorescence microscopy imaging of intracellular localization of EGFP-GID1a and
GAI-mCherry-NLS in mammalian HEK-293T cells after GAs-AM or DMSO supplementation. (C) Confocal fluorescence
microscopy imaging of intracellular localization of EGFP-GID1b and GAI-mCherry-NLS in mammalian HEK-293T cells after GAs-
AM or DMSO supplementation. (D) Confocal fluorescence microscopy imaging of intracellular localization of EGFP-GID1c and
GAI-mCherry-NLS in mammalian HEK-293T cells after GAs-AM or DMSO supplementation. All constructs were expressed under
the control of the constitutive promotor derived from the simian virus 40 (Psvao).
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725 Figure 5: Overview of the principles of FRET measurements by acceptor photo-bleaching (FRET-APB) on the example
726 of EGFP-GID1b and NLS-mCherry-GAl constructs in mammalian HEK-293T cells. (A) Experimental set-up of FRET-ABP
727 measurements performed in this study. After 30 seconds of constant measurement of the fluorescence-intensity, the laser power
728 of the 561 nm laser was raised up to 100 percent, bleaching the mCherry fluorescence in the area of the red rectangle (ROI).
729 After 2 seconds of bleaching, fluorescence was measured for another 30 seconds. To calculate the efficiency of the FRET-APB
730 measurement the average fluorescence of the five seconds before and after bleaching were compared to each other. (B) Image
731 of a mammalian HEK-293T cells, expressing EGFP-GID1b and NLS-mCherry-GAl, before (left) and after (right) the bleaching
732 step of a FRET-APB measurement in the region of interest (ROI). (C) Visualization of exemplary fluorescence intensities of EGFP
733 (green) and mCherry (red) before and after bleaching of the mCherry acceptor fluorophore in case of FRET between both
734 fluorophores, within a regular FRET-APB measurement.
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Figure 6: Comparison of apparent FRET efficiencies between fluorescently-tagged GAl and GID1b protein constructs in
mammalian HEK-293T cells. (A) lllustration of the GA-dependent FRET measurement of a DELLA-mCherry and a GID1-EGFP
proteins and factors essential for such a measurement. In the absence of GA, both proteins do not interact and are not localized
within a close proximity to each other. No radiation free energy transfer occurs. Upon supplementation of GA, both proteins
interact to each other, generating a close proximity of EGFP and mCherry, inducing energy-transfer from the donor fluorophore
EGFP to the acceptor fluorophore mCherry. FRET highly depends on the spectral overlap of the emission spectrum of the donor
fluorophore and the excitation spectrum of the acceptor, as well as the distance and the orientation of both fluorophores to each
other. (B) FRET-APB measurements of N- or C-terminally EGFP-tagged GID1b fusion proteins in co-transfection with N- or C-
terminally mCherry-tagged GAl fusion proteins in the absence (grey bars) or presence (black bars) of GAs-AM. (C) FRET-APB
measurements of N-terminally mEGFP-tagged GID1b, co-transfected with different constructs of mCherry-GAl-fusions, with or
without additional fusion to a localization tag, recruiting the protein to the nucleus (NLS), cytoplasm (NES) or plasma-membrane
(CAAX), after supplementation of DMSO (grey bars) or GAs-AM (black bars). (D) FRET-APB measurements of N-terminally
EGFP-tagged GID1b fusion proteins in co-transfection with N-terminally NLS-mCherry-tagged GAI fusion proteins with different
linker length between the fluorescent protein and GAl in the absence (grey bars) or presence (black bars) of GAs-AM. (E) FRET-
APB measurements of N-terminally EGFP- or mCherry-tagged GID1b fusion proteins in co-transfection with N-terminally
mCherry- or EGFP-tagged GAI fusion proteins in the absence (grey bars) or presence (black bars) of GAs-AM. 24 h after
transfection, the cell culture medium was exchanged with fresh medium, supplemented with 0.5 yL DMSO or 10 uM of GAs-AM
solved in DMSO, per well. After four hours of incubation and subsequent fixation of the cells, potential protein-protein-interactions
between GID1b- and GAl-constructs, were measured by bleaching the fluorescence signal of the acceptor-fluorophore mCherry
and monitoring a potential increase in fluorescence emission of the donor fluorophore EGFP (FRET-APB). Intramolecular fusion
of EGFP and mCherry to GID1b served as positive control for FRET, while the single transfection of EGFP-GID1b was used as
negative control. n = 10, error bars represent one standard error of the mean (SEM). Significance was calculated with a paired
students t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 7: Dose-response and kinetics of apparent FRET efficiency between fluorescently-tagged GAl and GID1b protein
constructs in mammalian HEK-293T cells. (A) Kinetics of FRET-APB measurements of N-terminally EGFP-tagged GID1b in
co-transfection with N-terminally mCherry-tagged GAl in the absence (grey labels) or presence (black labels) of GAs-AM at
different time-intervals of the respective treatment. Intramolecular fusion of EGFP and mCherry to GID1b served as positive
control for FRET. At different time-intervals after transfection, the cell culture medium was exchanged with fresh medium,
supplemented with 0.5 uL DMSO or 10 uM of GA3-AM solved in DMSO, per well. (B) Dose response of FRET-APB measurements
of N-terminally EGFP-tagged GID1b in single transfection (grey labels) or in co-transfection with N-terminally mCherry-tagged
GAl (black labels) after supplementation of different concentrations of GAs-AM. Intramolecular fusion EGFP and mCherry to
GID1b served as positive control for FRET in the absence (grey bars) or presence (black bars) of GAs-AM. 24 h after transfection,
the cell culture medium was exchanged with fresh medium, supplemented with different concentrations of GAs-AM solved in
DMSO, per well. (A) and (B) After four hours of incubation and subsequent fixation of the cells, potential protein-protein-
interactions between GID1b- and GAl-constructs were measured by bleaching the fluorescence signal of the acceptor-fluorophore
mCherry and monitoring a potential increase in fluorescence emission of the donor fluorophore EGFP (FRET-APB). n = 10, error
bars represent one standard error of the mean (SEM).
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Figure 8: Visualization of apparent FRET efficiencies of FRET-APB measurements and visualization of fluorescence
lifetime of fluorescently tagged GID1 fusion proteins in different experimental conditions in mammalian HEK-293T cells.
mEGFP-GID1a, b or c were co-transfected with NLS-mCherry-GAl fusion proteins. Single transfection of EGFP-GID1b served
as a negative control, while fusion of GID1b to EGFP and mCherry functioned as positive control for intramolecular energy
transfer. 24 h after transfection, the cell culture medium was exchanged with fresh medium (A) or live cell imaging solution (B),
supplemented with 0.5 yL DMSO or 10 pM of GA3s-AM solved in DMSO, per well. Four hours later, cells were fixed for FRET-
APB measurements (A) or kept alive for analysis of potential shifts in fluorescence lifetime of mMEGFP-GID1 constructs, caused
by interaction with the NLS-mCherry-GAl fusion protein (B). n = 10, error bars represent one standard error of the mean (SEM).
Significance in A was calculated with a paired students t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
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with GID1-receptors in Human embryonic kidney cells (HEK-293T).

Figure S2: Comparison of mammalian-2 and 3-hybrid experiments analyzing interactions of DELLA
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Figure S3: FRET-4-hybrid measurements of fluorescently-tagged GAI, GID1b and SLY1 protein
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Table S1: Average fluorescence lifetime of fluorescently tagged GID1 fusion proteins in different
experimental conditions in mammalian HEK-293T cells.
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Figure S1: Comparison of mammalian-2 and 3-hybrid experiments analyzing the interaction of SLY1 with GID1-receptors in human
embryonic kidney cells (HEK293T). (A) and (C) Scheme of the mammalian-hybrid detection system, investigating the possible interaction of
GID1-receptors and SLY1, in the presence (M3H) or absence (M2H) of gibberellic acid (GAs-AM). GID1a, b or c (A) or SLY1 (C) were N-terminally
fused to the DNA-binding macrolide repressor (E-protein), tethering it to the etrs operator site on the reporter plasmid. Recruitment of SLY1
(A) or GID1a, b ¢ (C), C-terminally fused to the VP16 transactivation domain, recruits the transcriptional activation machinery to the
cytomegalovirus minimal promoter (Pcwvmin) and induces the expression of the secreted alkaline phosphatase reporter gene. (B) and (D)
Macrolide repressor-based split-transcription factor system for analysis of GA-dependent interactions between E-GID1 and SLY1-VP16 (B) or
E-SLY1 and GID1-VP16 (D). 50,000 HEK-293T cells were seeded in 24-well plates and transfected 24 hours later with a reporter plasmid,
containing the human secreted alkaline phosphatase (SEAP) under control of the human cytomegalovirus minimal promoter, positioned
downstream of repetitions of an operator sequence for E (etrs). A constitutively expressed fusion of both, the DNA-binding domain (E) and
the Herpes simplex-derived transactivation domain (VP16) acted as positive control for gene expression, while single transfection of the
reporter was used as negative control for controlling leakiness of the system in the different conditions. For quantitative analysis of GA-
dependent interactions, a bicistronic vector containing the mentioned protein combinations, was co-transfected. 24 hours post transfection,
the medium was exchanged by fresh medium containing either 10 uM GAs-AM, dissolved in DMSO, or DMSO as a control. Another 24 hours
SEAP-production was quantified using a colorimetric assay. n = 4, error bars represent one standard error of the mean (SEM).
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Figure S2 Comparison of mammalian-2 and 3-hybrid experiments analyzing interactions of DELLA proteins and SLY1 of A. thaliana in
human embryonic kidney cells (HEK293T). (A) and (C) Scheme of the mammalian-hybrid detection system, investigating the possible
interaction of SLY1 and DELLA proteins in the presence (M3H) or absence (M2H) of gibberellic acid (GA3-AM). SLY1 (A) or DELLA proteins GAI
or RGA (C) were N-terminally fused to the DNA-binding macrolide repressor (E), tethering it to the etrs operator site on the reporter plasmid.
Recruitment of GAIl or RGA (A) or SLY1 (C), C-terminally fused to the VP16 transactivation domain, recruits the transcriptional activation
machinery to the cytomegalovirus minimal promoter (Pcvvmin) and induces the expression of the secreted alkaline phosphatase reporter
gene. (B) and (D) Macrolide repressor-based split-transcription factor system for analysis of GA-dependent interactions between E-SLY1 and
DELLA-VP16 (B) or E-DELLA and SLY1-VP16 (D). 50,000 HEK-293T cells were seeded in 24-well plates and transfected 24 hours later with a
reporter plasmid, containing the human secreted alkaline phosphatase (SEAP) under control of the human cytomegalovirus minimal
promoter, positioned downstream of repetitions of an operator sequence for E (etrs). A constitutively expressed fusion of both, the DNA-
binding domain (E) and the herpes simplex-derived transactivation domain (VP16) acted as positive control for gene expression, while single
transfection of the reporter was used as negative control for controlling leakiness of the system in the different conditions. For quantitative
analysis of GA-dependent interactions, a bicistronic vector containing the mentioned protein combinations, was co-transfected. 24 hours
post transfection, the medium was exchanged by fresh medium containing either 10 uM GAz-AM, dissolved in DMSO, or DMSO as a control.
Another 24 hours SEAP-production was quantified using a colorimetric assay. n = 4, error bars represent one standard error of the mean
(SEM).
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Figure S3: FRET-4-hybrid measurements of fluorescently-tagged GAI, GID1b and SLY1 protein constructs in mammalian HEK-293T cells.
FRET-APB measurements of different combinations of mEGFP-tagged GID1b, nuclear localized N-terminally mCherry fused GAl and N-
terminally EGFP or mCherry fused SLY1. Further co-transfection of a nuclear localized, non-fluorescent variant of respective third component
was performed after supplementation of DMSO (grey bars) or GAs-AM (black bars). 24 h after transfection, the cell culture medium was
exchanged with fresh medium, supplemented with 0.5 pL. DMSO or 10 uM of GA3-AM solved in DMSO, per well. After four hours of incubation
and subsequent fixation of the cells, potential protein-protein-interactions between the transfected proteins were measured by bleaching
the fluorescence signal of the acceptor-fluorophore mCherry and monitoring a potential increase in fluorescence emission of the donor
fluorophore EGFP (FRET-APB). Intramolecular fusion of EGFP and mCherry to GID1b served as positive control for FRET, while the single
transfection of EGFP-GID1b was used as negative control. n = 10, error bars represent one standard error of the mean (SEM). Significance
was calculated with a paired students t-test (*P < 0.05; **P < 0.01; ***P < 0.001).

Table S1: Average fluorescence lifetime of fluorescently tagged GID1 fusion proteins in different experimental conditions in mammalian

HEK293T cells.

Average fluorescence lifetime [ns]
DMSO GAs-AM
mEGFP-GID1b 2.49 2.48
GID1b-mEGFP-mCherry 213 2.10
mEGFP-GID1a +
2.48 2.44
NLS-mCherry-GAI
mEGFP-GID1b +
2.47 2.34
NLS-mCherry-GAI
mEGFP-GID1c +
2.46 2.39
NLS-mCherry-GAI
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Table S2: Construction and description of plasmids used in this work. (All plasmids were constructed using AQUA and Gibson assembly

cloning methods.)

The A.thaliana gibberellin receptor GID1a was amplified from pSLS411 with 0SLS414/0SLS438.
pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were assembled using Gibson

cloning.

Plasmid Description Reference

pHBO90 Psvao-PIF1-mEGFP-pA unpublished
Psvao-driven mammalian expression vector encoding A. thaliana PIF1 fused to the fluorescent
protein mEGFP.

pKMO081 etrg-Pcvvmin-SEAP-pA (Mmiiller et al.,

2013)

Vector encoding SEAP under control of a modified Perr.
(pifO)s-Phcmvmin-SEAP-pA unpublished

pKM195 Vector encoding SEAP under control of a pif operator-CMVmin promoter.

PRSET PT7-driven bacterial expression vector Novagen

pSJOS0 Psvao-phyC-mCherry-pA unpublished
Psv4o-driven mammalian expression vector encoding A. thaliana phytochrome C fused to
the fluorescent protein mCherry.

pSLS404 Pcamvsss-Renilla-2A-GAl-Firefly-myc-pA unpublished
Ratiometric gibberellin sensor plasmid with A. thaliana DELLA protein GAl as SM for use in plant
cells.

pSLS405 Pcamvass-Renilla-2A-RGA-Firefly-myc-pA unpublished
Ratiometric gibberellin sensor plasmid with the A. thaliana DELLA protein RGA as SM for use in
plant cells.

pSLS411 Psvao-GID1a-pA unpublished
Expression vector encoding the A.thaliana gibberellin receptor GID1a under control of Psvao.

pSLS412 Psvao-GID1b-pA unpublished
Expression vector encoding the A.thaliana gibberellin receptor GID1b under control of Psvao.

pSLS413 Psvao-GID1c-pA unpublished
Expression vector encoding the A.thaliana gibberellin receptor GID1c under control of Psvao.

pSLS414 Psvao-SLY1-pA unpublished
Expression vector encoding A.thaliana F-Box protein SLY1 under control of Psvao.

pSLS433 Psvao-GID1a-NLS-HA-pA This work
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pSLS434 Psvao-GID1b-NLS-HA-pA This work
The A.thaliana gibberellin receptor GID1b was amplified from pSLS412 with 0SLS416/0SLS439.
pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were assembled using Gibson
cloning.
pSLS435 Psvao-GID1c-NLS-HA-pA This work
The A.thaliana gibberellin receptor GID1c was amplified from pSLS413 with 0SLS418/0SLS440.
pMZ333 was amplified with 0SLS436/0SLS442. Both fragments were assembled using Gibson
cloning.
pSLS436 Psvao-SLY1-NLS-HA-pA This work
The A.thaliana F-Box protein SLY1 was amplified from pSLS414 with 0SLS420/0SLS441. pMZ333
was amplified with 0SLS436/0SLS442. Both fragments were assembled using Gibson cloning.
pSLS437 Psvao-GAI-NLS-FLAG-pA This work
The A.thaliana DELLA protein GAIl was amplified from a GAI containing plasmid (ABRC) with
0SLS444/0SLS445. pMZ333 was amplified with 0SLS448/0SLS442. Both fragments were
assembled using Gibson cloning.
pSLS438 Psvao-RGA-NLS-FLAG-pA This work
The A.thaliana DELLA protein RGA was amplified from a RGA containing plasmid (ABRC) with
0SLS446/0SLS447. pMZ333 was amplified with 0SLS448/0SLS442. Both fragments were
assembled using Gibson cloning.
pSLS443 Psvao-ARR1DDDK-NLS-HA-pA This work
ARR1ADDK-NLS-HA was amplified from a plasmid received from the Alabadi/Blazquez
lab, IBMCP Valencia and amplified with 0SLS454/455. pMZ333 was amplified with
0SLS436/0SLS442. Both fragments were assembled using Gibson cloning.
pSLS446 Psvao-ARR1DDDK-VP16-NLS-HA-pA This work
ARR1ADDK-NLS-HA was amplified from a plasmid received from the Alabadi/Blazquez
lab, IBMCP Valencia and amplified with 0SLS454/463. VP16-NLS-HA was amplified from
pKMO018 with 0SLS443/0SLS466. pMZ333 was amplified with 0SLS436/0SLS442. All fragments
were assembled using Gibson cloning.
pSLS454 TCS-Phcmvmin-SEAP-pA This work
The repetitive TCS motif was amplified from a plasmid received from the Alabadi/Blazquez lab,
IBMCP Valencia and amplified with 0SLS470/0SLS471. pKM195 was linearized with Nrul/EcoRV.
Both fragments were assembled using Gibson cloning.
pSLS470 Pcamvsss-Renilla-2A-RGAA17-Firefly-myc-pA unpublished
pWWO035 Psvao-E-VP16-pA (Weber et al.,
2002)
pJATBOO1 Psvao-GAI-VP16-IRES-TetR-PIF6(1-100)-pA This work

GAI was PCR amplified from pSLS404 with 0JATB001/0JATB002. pPFO01 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.
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pJATB002

Psvao-RGA-VP16-IRES-TetR-PIF6(1-100)-pA
RGA was PCR amplified from pSLS405 with oJATBO03/0JATB004. pPF001 was

linearized with Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB003

Psvao-GAI-VP16-IRES-TetR-Gid1a-pA
GID1a was PCR amplified from pSLS411 with 0JATB005/0JATBOO6. pJATBOO1 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB004

Psvao-GAI-VP16-IRES-TetR-Gid1b-pA
GID1b was PCR amplified from pSLS412 with 0JATBOO7/0JATB0O08. pJATB0O1 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O0S

Psvao-GAI-VP16-IRES-TetR-Gid1c-pA
GID1c was PCR amplified from pSLS413 with 0JATBO09/0JATB010. pJATB001 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pIATBO06

Psvao-RGA-VP16-IRES-TetR-Gid1a-pA
GID1a was PCR amplified from pSLS411 with 0JATB005/0JATB006. pJATB002 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O07

Psvao-RGA-VP16-IRES-TetR-Gid1b-pA
GID1b was PCR amplified from pSLS412 with 0JATBO07/0JATB008. pJATB002 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB008

Psvao-RGA-VP16-IRES-TetR-Gid1c-pA
GID1c was PCR amplified from pSLS413 with 0JATB0O09/0JATB010. pJATB002 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATBO23

Psvao-GAI-VP16-IRES-TetR-SLY1-pA
SLY1 was PCR amplified from pSLS414 with 0JATB029/0JATB030. pJATB001

was linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB024

Psvao-RGA-VP16-IRES-TetR-SLY1-pA
SLY1 was PCR amplified from pSLS414 with oJATB029/0JATBO030. pJATB002 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pIATBO25

Psvao-SLY1-VP16-IRES-TetR-Gid1a-pA
SLY1 was PCR amplified from pSLS414 with 0JATB031/0JATB032. pJATB003 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB026

Psvao-SLY1-VP16-IRES-TetR-Gid1b-pA
SLY1 was PCR amplified from pSLS414 with 0JATB031/0JATB032. pJATB004 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work
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pJATB027

Psvao-SLY1-VP16-IRES-TetR-Gid1c-pA
SLY1 was PCR amplified from pSLS414 with 0JATB031/0JATB032. pJATB005 was linearized with
Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pIATB028

Psvao-GAI-VP16-IRES-TetR-RGA-pA
RGA was PCR amplified from pSLS405 with 0JATB033/0JATB034. pJATB001 was linearized with

BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB029

Psvao-RGA-VP16-IRES-TetR-GAI-pA
GAIl was PCR amplified from pSLS404 with 0JATB035/0JATB036. pJATB002 was

linearized with BsrGl/Ascl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O30

Psvao-Gid1a-VP16-IRES-TetR-GAI-pA
GID1a was PCR amplified from pSLS411 with 0JATB037/0JATB038. pJATB029 was linearized with
Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pIATBO31

Psvao-Gid1b-VP16-IRES-TetR-GAI-pA
GID1b was PCR amplified from pSLS412 with 0JATB039/0JATB040. pJATB029 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB032

Psvao-Gid1c-VP16-IRES-TetR-GAI-pA
GID1c was PCR amplified from pSLSL413 with 0JATB041/0JATB042. pJATB029 was linearized with
Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB033

Psvao-Gid1a-VP16-IRES-TetR-RGA-pA
GID1a was PCR amplified from pSLS411 with 0JATB037/0JATB038. pJATB028 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO34

Psvao-Gid1b-VP16-IRES-TetR-RGA-pA
GID1b was PCR amplified from pSLS412 with 0JATB039/0JATB040. pJATB028 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB0O35

Psvao-Gid1c-VP16-IRES-TetR-RGA-pA
GID1c was PCR amplified from pSLS413 with 0JATB041/0JATB042. pJATB028 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATBO57

Psvao-SLY1-VP16-IRES-TetR-GAl-pA
GAIl was PCR amplified from pSLS404 with 0JATB035/0JATB036. pJATB025 was

linearized with BsrGl/Ascl. Both fragments were assembled by AQUA cloning.

This work

pJATBO58

Psvao-SLY1-VP16-IRES-TetR-RGA-pA
RGA was PCR amplified from pSLS405 with 0JATB033/0JATB034. pJATB025 was

linearized with BsrGl/Ascl. Both fragments were assembled by AQUA cloning.

This work

pJATB0O59

Psvao-GID1a-VP16-IRES-TetR-SLY1-pA
GID1a was PCR amplified from pSLS411 with 0JATB037/0JATB038. pJATB023 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work
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pJATB060

Psvao-GID1b-VP16-IRES-TetR-SLY1-pA
GID1b was PCR amplified from pSLS412 with 0JATB039/0JATB040. pJATB023 was linearized with
Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

PIATBO61

Psvao-GID1c-VP16-IRES-TetR-SLY1-pA
GID1c was PCR amplified from pSLS413 with 0JATB041/0JATB042. pJATB023 was linearized with

Spel/EcoRV. Both fragments were assembled using AQUA cloning.

This work

pJATB066

Psvao-GAI-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pwWO035 with 0JATB074/075. pJATB003 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB067

Psvao-GAI-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/076. pJATB004 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pIATBO68

Psvao-GAI-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pwWO035 with 0JATB074/077. pJATBOO5 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB069

Psvao-RGA-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/075. pJATB0O06 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB070

Psvao-RGA-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/076. pJATB007 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO71

Psvao-RGA-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/077. pJATB008 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB072

Psvao-GID1a-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/078. pJATB030 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO73

Psvao-GID1b-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pwWO035 with 0JATB074/078. pJATB031 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB074

Psvao-GID1c-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/078. pJATB032 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O75

Psvao-GID1a-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/079. pJATB033 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work
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pJATBO76

Psvao-GID1b-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/079. pJATB034 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO77

Psvao-GID1c-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/079. pJATB035 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O78

Psvao-SLY1-VP16-IRES-E-GID1a-pA
E-Protein was PCR-amplified from pwWO035 with 0JATB074/075. pJATB025 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO79

Psvao-SLY1-VP16-IRES-E-GID1b-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/076. pJATB026 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pIATBOS0

Psvao-SLY1-VP16-IRES-E-GID1c-pA
E-Protein was PCR-amplified from pwWO035 with 0JATB074/077. pJATB027 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB0O81

Psvao-SLY1-VP16-IRES-E-GAI-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/078. pJATB057 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pIATBO82

Psvao-SLY1-VP16-IRES-E-RGA-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/079. pJATB058 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO83

Psvao-GID1a-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/080. pJATB059 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB084

Psvao-GID1b-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/080. pJATBO60 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATBO8S

Psvao-GID1c-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWwWO035 with 0JATB074/080. pJATB061 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB086

Psvao-GAI-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/080. pJATB023 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work

pJATB087

Psvao-RGA-VP16-IRES-E-SLY1-pA
E-Protein was PCR-amplified from pWWO035 with 0JATB074/080. pJATB024 was linearized with

Notl/BsrGl. Both fragments were assembled using AQUA cloning.

This work
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pTBO53

Psvao-PIF3-9AA-Linker-mEGFP-pA
Expression vector encoding the A.thaliana PIF fused to the fluorescent protein mEGFP under

control of Psvao.

unpublished

pTB200

Psvao-GAI-mCherry-pA

GAIl was amplified from pSLS405 with oligos 0TB064/065. mCherry was amplified from pSJ050
with oligos 0TB066/067. pMZ333 was linearized by Notl/Xbal. Fragments were assembled using
AQUA cloning.

This work

pTB204

Psvao-GID1b-EGFP-pA

GID1b was amplified from pSLS412 with oligos 0TB077/083. mEGFP was amplified from pHB090
with oligos 0TB085/061. pMZ333 was linearized by Notl/Xbal. Fragments were assembled using
AQUA cloning.

This work

pTB210

Psvao-ARR1ADKK-mEGFP-pA
ARR1ADKK was amplified from pSLS443 with oligos 0TB099/100. mEGFP was amplified from
pTB204 with oligos 0TB101/102. pMZ333 was linearized by Notl/Xbal. Fragments were

assembled using AQUA cloning.

This work

pTB227

Psvao-GID1b-9AA-Linker-mEGFP-pA
GID1b was PCR-amplified from pSLS434 with 0TB203/204. pTB053 was linearized by Notl/Afel.

Both fragments were assembled using AQUA cloning.

This work

pTB228

Psvao-GID1b-9AA-Linker-mEGFP-9AA-Linker-mCherry-pA
mCherry was amplified from pTB200 with 0TB255/256. pTB227 was PCR-amplified with

0TB212/254. Both fragments were assembled using AQUA cloning.

This work

pTB233

Psvao-GAI-9AA-Linker-mCherry-CAAX(unphosphorylatable)-pA
GAIl was PCR-amplified from pTB200 with 0TB064/244. pTB216 was PCR-amplified with

0TB210/246. Both fragments were assembled using AQUA cloning.

This work

pTB235

Psvao-mEGFP-GID1b-pA
GID1b was PCR-amplified from pTB204 with 0TB248/249. pTB400 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB239

Psvao-GAI-9AA-Linker-mCherry-NLS-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/257. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB240

Psvao-GAI-9AA-Linker-mCherry-NES-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/258. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB243

Psvao-GAI-9AA-Linker-mCherry-pA
GAI-9AA-Linker-mCherry was PCR-amplified from pTB233 with 0TB064/261. pMZ333 was

linearized by Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work
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pTB245

Psvao-mCherry-9AA-Linker-GAI-pA
mCherry was PCR-amplified from pTB200 with 0TB263/264. GAl was PCR-amplified from pTB216
with 0TB265/266. pMZ333 was linearized by Notl/Xbal. Fragments were assembled using AQUA

cloning.

This work

pTB258

Psvao-NLS-mCherry-5AA-Linker-GAI-pA
GAIl was PCR-amplified from pTB200 with 0TB296/266. pTB262 was PCR-amplified with

0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB259

Psvao-NLS-mCherry-7AA-Linker-GAI-pA
GAIl was PCR-amplified from pTB200 with 0TB297/266. pTB262 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB262

Psvao-NLS-mCherry-9AA-Linker-GAI-pA
mCherry-GAI was PCR-amplified from pTB245 with 0TB291/266. pMZ333 was linearized by

Notl/Xbal. Both fragments were assembled using AQUA cloning.

This work

pTB263

Psvao-mCherry-GID1b-pA
GID1b was PCR-amplified from pTB204 with 0TB249/292. pTB245 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB264

Psvao-NLS-mEGFP-9AA-Linker-GAl-pA
mEGFP was PCR-amplified from pTB210 with 0TB291/264. pTB262 was PCR-amplified with

0TB265/293. Both fragments were assembled using AQUA cloning.

This work

pTB265

Psvao-mEGFP-NLS-pA
mEGFP was PCR-amplified from pTB210 with 0TB299/300. pMZ333 was linearized by Notl/Xbal.

Both fragments were assembled using AQUA cloning.

This work

pTB267

Psvao-mEGFP-GID1a-pA
GID1a was PCR-amplified from pJATB006 with 0TB301/302. pTB400 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB268

Psvao-mEGFP-GID1c-pA
GID1c was PCR-amplified from pJATBO08 with 0TB303/304. pTB400 was PCR-amplified with

0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB271

Psvao-mCherry-SLY1-pA
SLY1 was PCR-amplified from pJATB023 with 0TB318/320. pTB263 was PCR-amplified with

0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB272

Psvao-mEGFP-SLY1-pA
SLY1 was PCR-amplified from pJATB023 with 0TB319/320. pTB400 was PCR-amplified with
0TB212/247. Both fragments were assembled using AQUA cloning.

This work

pTB400

Psvao-mEGFP-PAS-LOVut-pA
Expression vector encoding the PASLOV fused to the fluorescent protein mEGFP under control of

Psvao.

unpublished
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1
1
1

12
13
14

Table S3: Oligonucleotides used for cloning in this work.

Oligonucleotide
0JATB001
0JATB002
0JATB003

0JATB004
0JATB005
0JATB006
0JATB007
0JATB008
0JATB009

0JATB010

0JATB029
0JATB030
0JATB031
0JATB032
0JATB033

0JATB034
0JATB035

0JATB036
0JATB037
0JATB038
0JATB039
0JATB040
0JATB041
0JATB042
0JATB074

0JATB075
0JATB076
0JATB077
0JATB078
0JATB079
0JATB080
oSLS414
0SLS416
0SLS418
0SLS420

0SLS436
0SLS438

0SLS439
0SLS440

0SLS441

Sequence (5’ 2> 3’)
GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCAT
CTACCAGCACTACCAGCACTATCGAATTCGATATCATTGGTGGAGAGTTTCCAAG

GTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGAGAGATCATCACC
AATTCC
CTACCAGCACTACCAGCACTATCGAATTCGATATCGTACGCCGCCGTCGA

AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGCGAGCGAT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAACATTCCGCGTTTACAAACG
AGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGTGGTAACGA
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAGGAGTAAGAAGCACAGGA
GAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGCTGGAAGTGAAGAAG

TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATTGGCATTCTGCGTTTA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGCGCAGTACTACC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATTTGGATTCTGGAAGAGGTC
TCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGAAGCGCAGT
ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTTGGATTCTGGAAGAGGTCTCTTA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCACCAATT
CCAAGGT
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAGTACGCCGCCGTCGA

GGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAAGAGAGATCATCATCATCA
TC
TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAATTGGTGGAGAGTTTCCAAG

ACTACCAGCACTACCAGCACTATCGAATTCGATATCACATTCCGCGTTTACAAACGC
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGCGAGCGAT
ACTACCAGCACTACCAGCACTATCGAATTCGATATCAGGAGTAAGAAGCACAGGACTTG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGTGG
CTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGCTGGAAG
ACTACCAGCACTACCAGCACTATCGAATTCGATATCTTGGCATTCTGCGTTTACAAATG
éCAGATTGTTATCATAAAGCGAATTGGATTGCGGCCGCGAATTCATATGCCCCGCCCCAA

AATAAGATTAACTTCATCGCTCGCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTGTT
ATGTACAATTAAGCTGTACGCGGACG
GTTAAGGTTGACTTCGTTACCACCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTGTT
ATGTACAATTAAGCTGTACGCGGACG
AATAAGATTAACTTCTTCACTTCCAGCCATTCCTGCGGAACCAGCACTGCCGGCGCTGTTA
TGTACAATTAAGCTGTACGCGGACG
ATGATGATGATGATGATGATCTCTCTTCATACCAGCACTACCAGCACTACCAGCACTGTTA
TGTACAATTAAGCTGTACGCGGACG
CGTCCGCGTACAGCTTAATTGTACATAACAGTGCTGGTAGTGCTGGTAGTGCTGGTATGA
AGAGAGATCATCACCAATTCCAAGGT
CAAATCAGAGTCGGTAGTACTGCGCTTCATTCCTGCGGAACCAGCACTGCCGGCGCTGTT
ATGTACAATTAAGCTGTACGCGGACG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGCGAGCGATGAAG
TTAATCTTATTG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGGTGGTAACGAAG
TCAACC
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGGCTGGAAGTGAAGAAG
TTAATCTTATTGAG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGCGCAGTACTACCGA
CTCTG

TACCCATACGATGTTCCAGATTACGCTTAGTCTAGAGTCGACCTGCAGCCCAAG

AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGACATTCCGCGTTT
ACAAACGCCGAAATC
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGAGGAGTAAGAAG
CACAGGACTTGACTTG
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGTTGGCATTCTGCG
TTTACAAATGCAGCTATC
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGTTTGGATTCTGGA
AGAGGTCTCTTAGTG
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0SLS442
0SLS443
0SLS444

0SLS445

0SLS446

0SLS447

0SLS448
0SLS454

0SLS455

0SLS463
0SLS466
0SLS470
0oSLS471
oTB061
oTB064
0TB065
0TB066
oTB067
oTB077
0oTB083
0TB085
0TB099
oTB100
oTB101
0oTB102
0TB203
0TB204

0oTB210
0TB212
0TB244

0TB246
0TB247
0TB248
0TB249

0TB254
0TB255
0TB256

0TB257

0TB258

0TB261
0TB263

0TB264
0TB265
0TB266
0TB291

CCGCAATTCGATCCGGGACCTG
GAATTCGATAGTGCTGGTAGTGCTGGTAG

CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGAGAGATCATCATCA
TCATCATCATCAAGATAAG
CTACTTGTCATCGTCGTCCTTGTAGTCCACCTTCCGCTTTTTCTTGGGATTGGTGGAGAGT
TTCCAAGCCGAG
CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGAAGAGAGATCATCACCA
ATTCCAAGGTC
CTACTTGTCATCGTCGTCCTTGTAGTCCACCTTCCGCTTTTTCTTGGGGTACGCCGCCGTC
GAGAGTTTC
GACTACAAGGACGACGATGACAAGTAGTCTAGAGTCGACCTGCAGCCCAAG

CAGGTCCCGGATCGAATTGCGGCCGCAGGAGGCGCCACCATGTCACGGAAGAGGAAAG
ACGAGG
AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGAACCGGAATGTTA
TCGATGGAGTATGCG
CTACCAGCACTACCAGCACTATCGAATTCAACCGGAATGTTATCGATGGAGTATGCG

AGCGTAATCTGGAACATCGTATGGGTACACCTTCCGCTTTTTCTTGGGCC
GAAAAGTGCCACCTGACGTCGTCGACGATATCGGCCAGTGCCAAGCTTATGCTAGC
ACGAGCTCTGCTTATATAGGGCTAGCTCGCGAGAGGAAGGGTCTTGGCTAGAAAATCC
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCTTACTTGTACAGCTCGTCCATGC
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGAAGAGAGATCAT
ATCCTCCTCGCCCTTGCTCACCATTGCTGAATTGGTGGAGAGTTTCCAA
GCCACCTCGGCTTGGAAACTCTCCACCAATTCAGCAATGGTGAGCAAGGG
CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACAGCTCGTCCATGC
TCTTTTATTTCAGGTCCCGGATCGAATTGCACCGGTCCACCATGGCTGGTGG
CAGCTCCTCGCCCTTGCTCACCATGCTGCCAGGAGTAAGAAGCACAGGACTTG
AGCAAGTCAAGTCCTGTGCTTCTTACTCCTGGCAGCATGGTGAGCAAG
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGTCACGGAA
CAGCTCCTCGCCCTTGCTCACCATGCTGCCAACCGGAATGTTATCGATGG
GACGCATACTCCATCGATAACATTCCGGTTGGCAGCATGGTGAGCAAG
GATCGAAGCTTGGGCTGCAGGTCGACTCTAAGCGCTTTACTTGTACAGCTCGTCCATGC
TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGCTGGTGG

CTTGCTCACCATGCCGCTGGCGCTGCCAGCGCTGGCGCCAGGAGTAAGAAGCACAGGAC
TTGA
GCAATTCGATCCGGGACCT

AGTCGACCTGCAGCCC

CATGTTATCCTCCTCGCCCTTGCTCACCATGCCGCTGGCGCTGCCAGCGCTGGCGCCATT
GGTGGAGAGTTTCCAA
ATGGTGAGCAAGGGCGAG

CTTGTACAGCTCGTCCATGCC
ATCACTCTCGGCATGGACGAGCTGTACAAGGGCAGCATGGCTGGTGGTAACGAAGT

CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTAAGGAGTAAGAAGCACAGG
ACTT
GGCGCCGCTGCCGGCGCTGCCGCTGGCCTTGTACAGCTCGTCCATGCC

GCCAGCGGCAGCGCCGGCAGCGGCGCCATGGTGAGCAAGGGCGA
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTACTTGTACAGCTCGTCCATG
C
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTACACCTTCCTCTTCTTCTTTGGC
TTGTACAGCTCGTCCAT
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTAGATGGTCAGGGTGCCGAACTT

CTTGGTCATCTTGTACAGCTCGTCCAT
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGATATCCTACTTGTACAGCTCGTCCAT

TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGGTGAGCAAGGGCG
A
GCCGCTGGCGCTGCCAGCGCTGGCGCCCTTGTACAGCTCGTCCATGC

GGCGCCAGCGCTGGCAGCGCCAGCGGCATGAAGAGAGATCATCATCATCATC
CTGGATCGAAGCTTGGGCTGCAGGTCGACTGCGATCGCCTAATTGGTGGAGAGTTTCCAA

TCTTTTATTTCAGGTCCCGGATCGAATTGCGCGGCCGCCCACCATGCCAAAGAAGAAGAG
GAAGGTGATGGTGAGCAAGGGCG
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Blue Light-Operated CRISPR/Cas13b-Mediated mRNA

Knockdown (Lockdown)

Tim Blomeier, Patrick Fischbach, Leonie-Alexa Koch, Jennifer Andres, Miguel Mifiambres,

Hannes Michael Beyer, and Matias Daniel Zurbriggen*

The introduction of optogenetics into cell biology has furnished systems

to control gene expression at the transcriptional and protein stability level,
with a high degree of spatial, temporal, and dynamic light-regulation capa-
bilities. Strategies to downregulate RNA currently rely on RNA interference
and CRISPR/Cas-related methods. However, these approaches lack the key
characteristics and advantages provided by optical control. “Lockdown” intro-
duces optical control of RNA levels utilizing a blue light-dependent switch

to induce expression of CRISPR/Cas13b, which mediates sequence-specific
mRNA knockdown. Combining Lockdown with optogenetic tools to repress
gene-expression and induce protein destabilization with blue light yields effi-
cient triple-controlled downregulation of target proteins. Implementing Lock-
down to degrade endogenous mRNA levels of the cyclin-dependent kinase 1
(hCdk1) leads to blue light-induced G2/M cell cycle arrest and inhibition of

that derive from clustered regularly
interspaced short palindromic repeats
(CRISPR)-based techniques, currently pos-
itively reshapes biological studies.?l Key
applications of the specific DNA-recog-
nizing CRISPR/Cas9 systems encompass
for example genome editing and transcrip-
tional regulation with high sequence spec-
ificity."% In recent years, these technolo-
gies led to major advances in synthetic
biology, gene therapy, and gene modifi-
cation in almost every model organism.
Various Cas-variants were subsequently
derived from different microorganisms
and utilized to overcome some of the limi-
tations restricting in vivo applications, or

cell growth in mammalian cells.

The integration of optogenetic switches into a broad range of
molecular tools has recently revolutionized biological studies
by opening the possibility to control cellular processes with
unmatched spatiotemporal precision. A myriad of optoswitches
has been engineered and applied in prokaryotic and eukaryotic
cells to regulate gene expression, subcellular protein localiza-
tion, enzyme activity, and even to develop light-controllable
biohybrid materials among other processes and systems (see
www.optobase.com).[

The late explosion of enabling technologies to modulate the
flow of genetic information, made possible through methods
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enabled the recognition of RNA instead of

DNA.27-%1 Among those, the discovery of

the RNA-targeting Cas13 proteins yielded

in powerful RNA-editing tools.*'% Cas13
belongs to type VI CRISPR effectors and has been utilized for
specific knockdown of endogenous RNAs in human cells and
manipulation of alternative RNA splicing.>') While the DNA-
targeting CRISPR/Cas9 systems require the presence of a short
protospacer adjacent motif (PAM) sequence at the editing site,
Cas13 is PAM-independent.1*]

Recent engineering efforts of CRISPR/Cas tools for optoge-
netic regulation expanded their capabilities including high spa-
tial and temporal control precision,2% however, these systems
exclusively target DNA. Only few light-regulated RNA modifica-
tion tools currently exist, mostly based on RNA interference or
short regulatory RNAs, which are CRISPR-independent.20-23]

We devised here an optogenetic tool to destabilize cellular
mRNA by enabling optical control of RNA-targeting CRISPR/
Cas13 systems. For this, we combined a blue light-inducible
gene expression switch?!l with the Prevotella sp.-derived Cas13b
effector (PspCas13b),” resulting in a system termed Lockdown
(blue light-operated CRISPR/Cas13b-mediated mRNA knock-
down). Blue light activates the gene switch to induce the expres-
sion of PspCas13b which, in the presence of a gRNA targeting
the mRNA of interest, leads to downregulation of said RNA.
Our results demonstrate how Lockdown can be used to regulate
cellular processes with blue light through specific mRNA degra-
dation. In our tests, these induced G2 cell cycle arrest and inhi-
bition of cell growth under blue light.?>2¢l We further combined
Lockdown with the recently published “Blue-OFF” system for
synergistic triple-targeted downregulation of proteins.[?28]

To engineer the Lockdown system, we used a split transcrip-
tion factor based on a modified light-oxygen-voltage domain

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 1. Design and characterization of the Lockdown system. a) Lockdown architecture. The blue light-responsive split transcription factor, bound
to DNA via Gal4, activates expression of the gene encoding Cas13b upon illumination. Light recruits the transcriptional activator VP16 via exposure
of a PDZ-interacting epitope embedded in the Jo helix. A specific gRNA guides Cas13b to cleave a target mRNA encoding a protein of interest (POI).
b) Co-expression of FLUC-specific gRNA1 (pTBPF003) or gRNA2 (pTBPF004) causes reduction of FLUC (pTBPFO015) levels in HEK-293T cells using
Lockdown to control the expression of Cas13b. The cells were either illuminated with 460 nm light for 24 h (blue bars) or kept in the dark (black bars).
Values from illuminated samples were normalized to the corresponding sample kept in the dark. c) Experiment as in (b), but with co-expression of
constitutive Cas13b (pC0046). Data were normalized to the conditions lacking the Cas13b expression plasmid. (b,c) n = 4; error bars represent one
standard error of the mean (SEM). d) Schematic of the blue light-induced knockdown of EGFP mRNA. Under blue light, Lockdown specifically degrades
mRNA encoding EGFP while leaving mCherry unaffected. e) Quantification of EGFP (left) and mCherry (right) expression via gRT-PCR. HEK-293T cells
were co-transfected with the blue light switch, Ppg-EGFP, and Psy4-mCherry. An EGFP-specific gRNA was included (gRNAT, pTBPF005). Illumination
for 48 h was started 4 h post transfection, or cells were kept in the dark. n = 2; error bars represent one standard error of the mean (SEM). Significance
was calculated with a paired students t-test (*P < 0.05; **P < 0.01; ***P < 0001). Inlet figure (center) shows the quantification of normalized intensities
of an -EGFP western blot analysis of the same experiment (see Figure S5, Supporting Information). f) Microscopic analysis of EGFP and mCherry
expression. HEK-293T cells were co-transfected with Lockdown and EGFP-specific gRNAs (-, none; gRNA1, pTBPF005; gRNA2, pTBPF006). Illumination
conditions as in (e). Pictures were acquired by confocal imaging of EGFP and mCherry. Scale bar, 100 um.
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from phototropin 1 of Avena sativa (AsSLOV2) to express an engi-
neered variant of PspCas13b (Figure 1a).%2*?% We placed the
gene encoding PspCas13b downstream of a minimal human
cytomegalovirus promoter harboring five adjacent repeats of
the Gal4 upstream activating sequence (UASs). Bound to DNA
via fusion to the Gal4 DNA-binding domain, AsSLOV2 exposes a
C-terminal epitope tag through relaxation of the Jorhelix under
blue light. Tag exposure recruits the transcriptional activa-
tion domain VP16, which is fused to the tag-interacting ePDZ
domain and leads to initiation of PspCasl3b gene transcrip-
tion and subsequent translation. Constitutive co-expression of
a sequence-specific gRNA in trans, guides PspCas13b to cleave
target RNAs. Due to the half life time of the AsSLOV2 domain
in the excited state of 17 5,1% the transcriptional activation com-
plex rapidly dissociates in the darkness stopping further tran-
scription of PspCas13b.14

We first tested whether Lockdown would specifically down-
regulate mRNA under blue light (Figure 1b,c). We designed
two gRNAs targeting Firefly luciferase (FLUC) mRNA and co-
expressed them with FLUC in Human embryonic kidney cells
(HEK-293T). As expected, only the presence of a suitable gRNA
and blue light illumination (10 umol m~2 s™! at 460 nm for 24 h)
reduced FLUC-levels down to about 20% compared to levels
obtained from cells kept in the dark (Figure 1b). The repression
levels under blue light matched the levels obtained upon consti-
tutive PspCas13b expression (Figure 1c).l%

In order to assess the functionality of the system in a dif-
ferent experimental setup, and in particular for future mid-
throughput applications, we illuminated Chinese hamster
ovary cells (CHO-K1) in 96-well glass bottom plates with dif-
ferent blue light intensities using an optoPlate-96 illumination
device (Figure S1, Supporting Information).?*3! In this multi-
well plate format, the downregulation of FLUC levels under
blue light compared well with the results in HEK-293T cells
(Figure 1b), even at lower light intensities.

We next set to complete the evaluation of the functionality
of the system, by performing an experiment to analyze the
effects of Lockdown as reflected at the mRNA and protein
levels using three different methods (Figure 1d-f). For this,
we designed two EGFP-specific gRNAs and expressed EGFP
from a constitutive PGK promoter. Co-expression of mCherry
served as control to validate that loss of EGFP abundance
under blue light occurs specifically and not as a result of an
artifact. Quantitative real-time PCR (qRT-PCR) experiments
showed a clear reduction in mRNA levels for EGFP while
those of mCherry remained comparable between samples
that where either illuminated with blue light or kept in the
dark (Figure le). The mRNA degradation effects also showed
the expected dependence on the presence of a corresponding
selective gRNA. In a microscopic analysis at the whole cell
level, EGFP fluorescence remained unaffected in the absence
of the Lockdown components with the matching gRNA,
regardless of the illumination condition (Figure 1f, upper
panel and Figure S2, Supporting Information). In contrast,
the Lockdown system including either gRNA strongly reduced
the EGFP signal in blue light conditions, while mCherry
remained comparable in all conditions (Figure 1f, lower
panels and Figure S2, Supporting Information). We further
confirmed the microscopically-observed reduction in EGFP

Adv. Biology 2021, 2000307 2000307 (3 of 7)
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signal under blue light using western blot analysis (Figure le
(center) and Figure S5, Supporting Information).

Methods for downregulation of protein abundance usually
target only one step of the gene expression process, which spans
from the regulation of transcriptional initiation of a specific
gene up to ribosomal translation into the final protein and the
stability thereof.”3? However, these methods are often insuffi-
cient to entirely block and/or reduce the abundance of a specific
protein. A recently published optogenetic system for downregu-
lation of protein levels (Blue-OFF) demonstrated the effect of
a synergistic regulation on different levels.””] The system con-
sists of two components, B-LID (blue light-inducible degrada-
tion domain), a blue light-activated protein degradation module
fused to the protein of interest, and the light-responsive KRAB-
EL222 repressor protein. Combined light-induced repression
of transcription using KRAB-EL222 and protein stability with
B-LID decreased the abundance of given cellular target pro-
teins substantially.”’) The remaining protein levels present after
induction of transcriptional repression and protein degradation
likely result from mRNA transcribed before the repression was
exerted. Hence, we hypothesize that by degrading the remaining
mRNA, Lockdown could contribute to a quantitative loss of the
protein. We therefore combined the Blue-OFF system with
Lockdown to simultaneously repress the abundance of FLUC
on three regulation levels: transcriptional repression, mRNA
degradation, and protein degradation (Figure 2a,b). First, we
transfected HEK-293T cells with the different components of
the Blue-OFF system achieving a reduction of the relative pro-
tein abundance down to 3,3% after induction with blue light in
comparison to darkness (Figure 2b and Figure S3, Supporting
Information). The combination of Lockdown utilizing any of
the gRNAs (see Figure 1b,c) with the Blue-OFF system led to
a reduction of around 99% of FLUC under blue light, demon-
strating the advantages of integrating the different systems for
the quantitative depletion of a protein of interest.

To demonstrate the ability of Lockdown to regulate cellular
processes, we aimed at knocking down endogenous genes in
mammalian cells. Since this approach does not require fur-
ther protein engineering, one can in principle easily adapt
the strategy to any endogenous RNA by expressing an ad
hoc designed gRNA. The human cyclin-dependent kinase 1
(Cdk1)-family of kinases constitutes one of the main regula-
tors integrating external and internal stimuli that influence cell
cycle control and cell division.!?>33-3%1 Cdkl plays an essential
role at the checkpoint coordinating the G2/M phase transi-
tion.[2>263738] Inhibition of Cdkl in human cells stalls the cell
cycle through a G2/M arrest, and dysregulation of factors asso-
ciated with the control of Cdks frequently engage in tumor
development.?¥ We designed two gRNAs targeting endog-
enously produced human CDK1 mRNA and tested the effects
caused by blue light-induced degradation in HEK-293T cells
(Figure 3a,b). Lockdown including either of the gRNA led to a
significant reduction in the total cell count when cells were illu-
minated with blue light (Figure 3b and Figure S4, Supporting
Information). The observations demonstrate the feasibility of a
generalized use and the applicability of Lockdown for the blue
light-dependent downregulation of endogenous mRNAs.

Use of RNA interference approaches and riboswitches have
significantly contributed to groundbreaking advances in life
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Figure 2. Combined repression of protein levels using Lockdown and Blue-OFF. a) Schematic description of the Lockdown and Blue-OFF combina-
tion setup. In the dark, Lockdown and Blue-OFF are inactive, leading to usual expression levels of target proteins (FLUC). Under blue light, Cas13b
(Lockdown) cleaves the target mRNA, whereas the KRAB-EL222 repressor protein and the B-LID degron (Blue-OFF) repress FLUC production on the
transcriptional and post-translational level, respectively. Under blue light, the Blue-OFF system acts by recruiting the KRAB repressor to the promoter
by binding of EL222 to 5 repeats of the C120 sequence. B-LID is fused to the FLUC target protein and exposes a RRRG-degron sequence upon illumina-
tion, leading to proteasomal degradation. b) Combinatorial analysis of the Lockdown and Blue-OFF components shown in (a). FLUC bioluminescence
was determined from lysates of HEK-293T cells expressing the indicated components. The gRNAs from Figure 1b,c were used. Cells were illuminated
with 460 nm light for 24 h, or kept in the dark. Values were normalized to the corresponding dark sample. n =4, error bars indicate one standard error

of the mean (SEM).

sciences.®*# These RNA tools have for example successfully
been used to study signaling pathways, cancer therapeutics, and
cell cycle regulation.[***3] However, only a few optogenetic tools
for the control of mRNA exist.?-2%] The here-described Lock-
down system combines optogenetic regulation of transcription
with RNA-guided RNA processing by the PspCas13b ribonu-
cleoprotein to generate optogenetic control of RNA degrada-
tion. Lockdown is compatible and synergistically active with
the Blue-OFF system, achieving nearly complete depletion of
a protein through combined blue light-triple-induction of tran-
scriptional repression, and mRNA and protein degradation.”’)
Lockdown synergistically combines recent independent devel-
opments in synthetic biology: One is the optogenetic switch that
controls the temporal and spatial resolution of the system as
well as PspCas13b levels depending on blue light intensity.42%

Adv. Biology 2021, 2000307 2000307 (4 of 7)

The other development is PspCas13b, which mainly contrib-
utes to the knockdown specificity of the system what indirectly
influences also the overall efficacy. The PspCas13b component
itself combined with Lockdown remains unchanged from ear-
lier reports and therefore one can assume that previous char-
acterizations of the system indicating a high specificity are
valid.”) The LOV2-based blue light photoswitch has short dark
reversion kinetics, therefore the use as gene-expression system
requires a near constant illumination over the desired induc-
tion time and high light intensities when used in deep tissues
due to the low penetration depth of said short wavelengths.
However, it benefits from the readily bioavailable FMN cofactor
in contrast to red and green optogenetic switches.

The last decade has witnessed hundreds of applications
where optoswitches targeted diverse cellular processes.!! This
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Figure 3. Cell cycle control using Lockdown. a) Human Cdkl controls cell cycle G2/M transition. Blue light illumination activates Lockdown (see
Figure 1a) to degrade endogenous hCdkl mRNA, leading to G2 cell cycle arrest and inhibition of cell division. Constitutively expressed gRNA deter-
mines the specificity for the hCdkl mRNA. b) The total cell count was determined from HEK-293T cells expressing the indicated components. The
cell count reduction in response to 24 h of blue light illumination is shown. lllumination was started 4 h post transfection. For total cell numbers see
Figure S4, Supporting Information. gRNAT and gRNA2 were expressed from plasmids pTBPF021 and pTBPF020, respectively. n = 4, error bars indicate
one standard error of the mean (SEM). The statistical significance was determined using a one-way ANOVA analysis (P < 0.01) and is indicated with

bold letters.

work illustrates the potential of combining optogenetic tools
for the simultaneous and orthogonal control of molecular pro-
cesses. We show the wide applicability by precisely targeting
different exo- and endogenous mRNAs, what solely requires the
ad hoc design of a specific Cas13 gRNA. Lockdown advances
the precise study of physiological effects, such as modulation
of the cell cycle, and holds the future potential to assist in the
investigation of unknown cellular processes.

Experimental Section

All used and designed plasmids and oligonucleotides are described
in Tables ST and S2, Supporting Information. Oligonucleotides used
for quantitative real-time PCR are described in Table S3, Supporting
Information. All gRNAs used in this study were designed as described
elsewhere and inserted into an U6 promoter-driven mammalian
expression vector.) All gRNA sequences are described in Table S4
(Supporting Information). All experiments are based on transient
plasmid transfection of the respective mammalian cells.

Human embryonic kidney cells (HEK-293T; DSMZ, Braunschweig,
Germany) and Chinese hamster ovary cells (CHO-K1; DSMZ) were
cultivated and seeded as described elsewhere.* Cells were transfected
in 24-well (5 x 10* cells) or 96-well (8 x 10° cells) plates using
polyethyleneimine (PEI; Polysciences Inc. Europe, Hirschberg, Germany;
no. 23966-1) as described.™ If not indicated otherwise, all plasmids
were transfected with the Lockdown system consisting of the AsSLOV2-
based blue light system (plasmid pKM516), the inducible PspCas13b
(pTBPFO0T), and a sequence-specific gRNA plasmid (Table S4,
Supporting Information) in equal amounts w/w. 24 h post transfection,
cells were illuminated with 460 nm light for the indicated periods of time
with a light intensity of 10 umol m=2 s7 or kept in darkness (typically
for 24 h, unless indicated otherwise). Samples were illuminated using
custom built LED light boxes housing 460 nm light-emitting LEDs .
In Figure S1, Supporting Information, illumination was done in

Adv. Biology 2021, 2000307 2000307 (5 of 7)

optoPlate-96 illumination devices.P®3! Cell culture work was performed
using safe light (522 nm) to prevent unintended activation of the light-
sensitive systems.

To quantify luciferase bioluminescence, cells were lysed and
incubated as previously described.””] For cells grown in 96-well plates,
the supernatant was removed and the substrate was directly added to
the cells without prior cell lysis. Luminescence was monitored using a
Centro XS* LB960 Microplate Luminometer (Berthold Technologies, Bad
Wildbad, Germany). Confocal imaging was performed with an Eclipse
Ti microscope (Nikon, Tokyo, Japan) equipped with a C2plus confocal
laser scanner and a 20x air objective, NA = 0.45. Cells were seeded on
glass coverslips and fixed with paraformaldehyde as described.“s! EGFP
and mCherry fluorescence were visualized using an excitation laser
of 488 and 561 nm and emission filters of 505-545 and 570-620 nm,
respectively.

For gRT-PCR experiments, RNA was isolated using the NucleoSpin
RNA Plus Kit (Macherey Nagel, Diiren, Germany). The yielded RNA was
further converted into cDNA utilizing the LunaScript RT SuperMix Kit
(NEB, Ipswich, MA, USA). qRT-PCR experiments were conducted using
a OneStepPlus Real-Time PCR system Thermal Cycling Block (Applied
Biosystems, Foster City, CA, USA) and a Luna Universal Probe qPCR
Master Mix (NEB) with 10 ng of cDNA per sample in triplicate reactions.
Cycling conditions were set according to the master mix manufacturer’s
protocol.

For western blot experiments, HEK-293T cells were lysed in
radioimmunoprecipitation buffer (150 x 10> m NaCl, 20 x 1073 m
Tris-HCl, pH 7.5, 0.1% NP40, 5 x 107 m EDTA) containing cOmplete
Mini protease inhibitor (Roche, Basel, Switzerland). The lysates were
centrifuged at 13000 g for 10 min at 4 °C and the supernatants were
transferred into new reaction tubes. The samples were mixed with 4x
SDS buffer (Sigma Aldrich, St. Louis, MO, USA) (4:1) and incubated
at 95 °C for 10 min. 10 pL of each sample were separated by SDS-
PAGE on a 15% polyacrylamide gel and subsequently transferred onto
a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Hercules,
CA, USA). The membranes were treated with the anti-GFP (Torrey
Pines Biolabs, Secaucus, NJ, USA; TP-401) or anti-Actin (Sigma-Aldrich;
A2066) primary antibodies. Protein detection was performed using an
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anti-rabbit secondary antibody conjugated to horseradish peroxidase
(Cell Signaling, Danvers, MA, USA; 7074S) and the ECL detection kit
(GE Healthcare, Chicago, IL, USA). Chemiluminescence was visualized
using a Universal Hood Il imaging system (Bio-Rad Laboratories).
Band intensities were measured using Image] (National Institutes of
Health, Bethesda, MD, USA) and normalized to the respective loading
control.

For cell proliferation assays, HEK-293T cells (30 x 10* cells) were
seeded in 24-well cell culture dishes and transfected as described
above. lllumination was started 4 h post transfection as described
before. The next day, cells were trypsinized (250 puL, Trypsin/EDTA,
PAN Biotech, Aidenbach, Germany; P10-023500) for 4 min at 37 °C and
resuspended. DMEM complete medium (1 mL) was added and cell
suspension (200 piL) was added to CASYton buffer (10 mL, OMNI Life
Science, Bremen, Germany; 5651808) inside a CASYcup (OMNI Life
Science) before the cell concentration was determined by electronic
current exclusion (ECE) technology with a Cell counter CASY (OMNI Life
Science).

Data analysis, calculation of corresponding P-values, and generation
of graphs were done using GraphPad Prism 7 (GraphPad Software,
Inc.). Data from illuminated samples shown in Figures 1b,e and 2b
and Figures S1, S3 and S4 (Supporting Information) were normalized
to the corresponding sample kept in the dark. In Figure Tc, data were
normalized to the conditions lacking the Casi3b expression plasmid.
Significance of equally treated samples of the respective light conditions
in Figure Te was calculated using a paired two-sided student’s t-test. The
statistical significance of reduction in total cell numbers in Figure 3b was
determined using a one-way ANOVA analysis (P < 0.01) and is indicated
with bold letters. Statistical outliers were determined and excluded as
described elsewhere 1]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Light-dose response of Lockdown in CHO-K1 cells using an optoPlate-96
setup.

CHO-K1 cells were transfected with constructs for constitutive expression of FLUC
(pTBPF015), the Lockdown system (pTBPF001, pKM516) and gRNA1 (pTBPF003). Control
cells were transfected without Lockdown or without the gRNA. 4 h post transfection, the cells
were illuminated with 2.5, 5, or 10 pmol m? s™ of 460 nm light using an optoPlate-96
illumination device!'”! (blue bars) or kept in the dark (black bars) for 24 h. FLUC
luminescence was determined and normalized to the corresponding dark samples (black bars).
n = 6, error bars indicate one standard error of the mean (SEM).
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Cas13b + gRNA1 gRNA2 gRNA1 Cas13b

Cas13b + gRNA2

mCherry

Figure S2. Confocal fluorescence microscopy of the Casl3b-mediated down-regulation
of EGFP mRNA. HEK-293T cells were co-transfected with plasmids encoding PGK-driven
EGFP (pTBPF018), SV40-driven mCherry (pTBPF014) and constitutively expressed Casl3b
(pC0046), an EGFP-specific gRNA (gRNAI, pTBPF005; gRNA2, pTBPF006) or
combinations of Cas13b and either of the gRNAs. 4 h post transfection, cells were either
illuminated with 10 pmol m™ s of blue light (460 nm) or kept in the dark for 48 h. Cells
were subsequently fixed and imaged by confocal microscopy.
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Figure S3. Combined repression of protein levels using the Lockdown and Blue-OFF
optogenetic systems.

Representation of all tested combinations of the experiment in Figure 2. HEK-293T cells were
transfected with FLUC fused to the blue light-inducible degron (FLUC-B-LID; pMZ1203).
Cotransfection with a plasmid encoding KRAB-EL222 (pKMS565) constitutes the entire Blue-
OFF system. In order to combine the different blue light inducible modules, the Lockdown
system (pTBPF001, pKMS516) and one of the gRNAs (gRNAI1, pTBPF003; gRNA2,
pTBPF004) was combined with FLUC-B-LID or the complete Blue-OFF system.
Additionally, combinations with constitutively expressed Cas13b (pC0046) and the indicated
gRNAs were tested. Cells were kept in dark for 24 h followed by irradiation with 10 pmol m™
s of 460 nm light for 24 h (blue bars) or continuously kept in the dark (black bars). FLUC
luminescence levels were normalized to their corresponding dark control. n = 4, error bars
indicate one standard error of the mean (SEM).
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Figure S4. Cell cycle control using Lockdown. Representation of the total cell number
count of the experiment shown in Figure 3. n = 4, the error bars indicate one standard error of

the mean (SEM).
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Figure S5. Analysis of protein expression levels via western blot. Representative western
blot image showing the protein expression of EGFP and actin (loading control) in HEK-293T
cells illuminated for 24 h (upper panels) or 48 h with blue light or kept in the dark.
Transfected components are listed below the image. (Quantified intensities are shown in
Figure le, results after 48 h were used).
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Supplementary Table S1. Plasmids used and designed in this study.

Plasmid

Description

Reference

pTBPF001

UAS;-PspCas13b-NES-HA-pA

Plasmid pKMO083 was PCR-amplified with oTBPF003 and
oTBPF004. PspCasl3b was amplified from pC0046 with
oTBPF001 and oTBPF002. Both fragments were assembled
using AQUA cloning.

This work

pTBPF003

Pus-FLUC gRNA1-PspCas13bDR-pA
pC0043 was linearized by digestion with BbsI and
assembled with oTBPF009 using AQUA cloning.

This work

pTBPF004

Pus-FLUC gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with BbsI and
assembled with ocTBPF010 using AQUA cloning.

This work

pTBPF005

Pus-EGFP gRNA1-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with BbsI and
assembled with oTBPFO011 using AQUA cloning.

This work

pTBPF006

Pys-EGFP gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized by digestion with BbsI-HF and
assembled with ocTBPF012 using AQUA cloning.

This work

pTBPF014

Psvs-mCherry-pA

Plasmid pJAO86 was linearized with Notl and Xbal,
mCherry was PCR-amplified from pSJ025 with oTBPF034
and 0TB035. Both fragments were assembled using AQUA

cloning.

This work

pTBPFO15

Pgv40-FLUC-pA

Plasmid pLKPTBPFO001 was linearized with XAol and BamHI,
the Psy4 promoter was PCR-amplified from pMZ1203 with
oTBPF036 and oTBPF037. Both fragments were assembled by
AQUA cloning.

This work

pTBPFO18

Prox-EGFP-pA

Plasmid pJA086 was linearized with Nhel and Xhol, Ppgk was
PCR-amplified from pLIM1-GFP with oTBPF041 and
oTBPF042. Both fragments were assembled using AQUA

cloning.

This work
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Pys-hCDK1 gRNA2-PspCas13bDR-pA
Plasmid pC0043 was linearized with BbsI and assembled with

pTBPF020 ) ) ) This work
oTBPF0047 using Gibson cloning.
Pys-hCDK1 gRNA1-PspCas13bDR-pA
pTBPF021 | Plasmid pC0043 was linearized with BbsI and assembled with This work
oTBPF048 using Gibson cloning.
Psv4-EGFP-pA
pJAO86 Pgy4p driven mammalian expression vector encoding the Unpublished
fluorescent protein EGFP.
Pcyv-FLUC-pA
pLKTBPF00 y-dri i i i
Pemy-driven mammalian expression vector encoding the firefly Unpublished
1 luciferase.
Pgvso driven mammalian expression vector derived from
pMZ333 | Xbal/Nofl digested pSAM200."! 4
UASs-TATA-GLUC-pA
Vector encoding Gaussia luciferase (GLUC) under control of 5
pKMO083 &1
PGaM-
Psv40-Gal4BD-LOVpep|[T406A,T407A,I532A]-IRESPV-
ePDZb-VP16-NLS-pA
pKM516 Pgvao-driven bicistronic mammalian vector encoding Gal4BD- Bl
LOVpep[T406A,T407A,1532A] and ePDZb-VP16-NLS.
Psv4-KRAB-EL222-pA
pKMS565 6]
Psyao-driven mammalian expression vector encoding the light-
responsive repressor KRAB-EL222.
Psv40-(C120)s-FLUC-B-LID-pA
. . (6]
pMZ1203 Pgvao-driven mammalian expression vector encoding the firefly
luciferase fused to a blue light-inducible degron (B-LID),
containing the EL222-DNA-binding site (C120)s.
Psvap-AtPHYB-mCherry-pA
pSJ025 1

Pgvao-driven mammalian expression vector encoding 4. thaliana
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phytochrome B fused to the fluorescent protein mCherry.

Pye-PspCas13b DR-BbsI-BbsI-pA
Pye-driven mammalian expression vector for cloning of guide

RNAs compatible with PspCas13b.

pC0043-PspCas13b
crRNAwas a gift

pC0043 from Feng Zhang
(Addgene
#103854)"
pC0046-EF1a-
Pur1.-PspCas13b-NES-HIV
PspCas13b-NES-
Pgri driven mammalian expression vector for expression of .
HIV was a gift
pC0046 PspCas13b for knockdown of target RNAs in combination with
from Feng Zhang
tible gRNAs.
compatible g s (Addgene
#103862)"!
5’LTR-RRE-Pcyy-EGFP-Ppgk-Puro™-3°’LTR pLIM1-EGFP was
3" generation lentiviral vector for EGFP fusion; PGK-driven a gift from David
pLIM1-GFP | puromycin resistance. Sabatini (Addgene
#19319)1

Supplementary Table S2. Oligonucleotides used in this study.

Oligonucleotide

Sequence (5° 2 3°)

oTBPF001 CGTTCGAGATCTGCGATCTAAGTAAGCTTGGCCACCATGAACATCCCC
GCTCTGGTGGAAAAC

oTBPF002 CTCCCATTCATAAGTTCCATAGGATGGGCGGCCGCTTAGGCATAGTCG
GGGACATCATATGG

oTBPF003 GCGGCCGCCCATCCTATGG

oTBPF004 GGTGGCCAAGCTTACTTAGATCGCAG

oTBPF009 ATAGCCCCTCAAAACTGGACCTTCCACAACGAGGTGGACATTACCTAC
GCCGAGTACTTCGGTGTTTCGTCCTTTCCACAAGATATATAA

oTBPF010 ATAGCCCCTCAAAACTGGACCTTCCACAACCACGGTAAAACCATGAC
CGAGAAGGAGATCGGTGTTTCGTCCTTTCCA

oTBPFO11 ATAGCCCCTCAAAACTGGACCTTCCACAACCTGGACGGCGACGTAAA
CGGCCACAAGTTCGGTGTTTCGTCCTTTCCACAAGA

oTBPF012 ATAGCCCCTCAAAACTGGACCTTCCACAACACCCAGTCCAAGCTGAGC
AAAGACCCCAACCGGTGTTTCGTCCTTTCCACAAGATATATA

oTBPF034 TTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCATGGTGAG

CAAGGGCGAGGAGG
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oTBPF035 CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACAG
CTCGTCCATGCCG

oTBPF036 CATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGATCCCTGTGGAA
TGTGTGTCAGTTAGGGTG

oTBPF037 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGAGCTTTTTGCAAA
AGCCTAGGCCTCC

oTBPF041 TTCTCATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGGGTTGCGC
CTTTTCCAAGGC

oTBPF042 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGCTGGGGAGAGAG
GTCGGTGATTC

oTBPF047 ATAGCCCCTCAAAACTGGACCTTCCACAACGCCAGAGCTTTTGGAATA
CCTATCAGAGTAGGTGTTTCGTCCTTTCCACAAGATATATAA

oTBPF048 ATAGCCCCTCAAAACTGGACCTTCCACAACGGGCACTCCCAATAATGA

AGTGTGGCCAGAGGTGTTTCGTCCTTTCCACAAGATATATAA

Supplementary Table S3: Oligonucleotides designed and used for RT-qPCR experiments in this study.

Oligonucleotide

Sequence (52 3")

oTB351 GTCTCCTCTGACTTCAACAGCG
GAPDH Fwd
0TB352 ACCACCCTGTTGCTGTAGCCAA
GAPDH Rev
oTB359 GGGCACAAGCTGGAGTACAA
EGFP Fwd
oTB360 GTCCTCGATGTTGTGGCG
EGFP Rev
0TB361 AAGCAGAGGCTGAAGCTGAAGG
mCherry Fwd
0TB362 GCGTTCGTACTGTTCCACGATG

mCherry rev

Supplementary Table S4: Guide RNAs designed and used in this study.

gRNA Sequence (52> 3")
Firefly 1 GAGGTGGACATTACCTACGCCGAGTACTTC
Firefly 2 CACGGTAAAACCATGACCGAGAAGGAGATC
EGFP 1 CTGGACGGCGACGTAAACGGCCACAAGTTC
EGFP 2 ACCCAGTCCAAGCTGAGCAAAGACCCCAAC
hCDK1 1 GGGCACTCCCAATAATGAAGTGTGGCCAGA
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hCDK1 2 GCCAGAGCTTTTGGAATACCTATCAGAGTA
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7.1.3 UV-B light-inducible system for the transcriptional control of gene expression in A.
thaliana mesophyll protoplasts

UV-B light-inducible system for the transcriptional control
of gene expression in A. thaliana mesophyll protoplasts

Tim Blomeier', Uriel Urquiza-Garcia', Giovanni Giuriani', Matias D. Zurbriggen"”

"Institute of Synthetic Biology, University of Diisseldorf and CEPLAS, Diisseldorf, Germany

*Corresponding author: Email: matias.zurbriggen@uni-duesseldorf.de

ABSTRACT

Compared to chemically inducible systems, light as an elicitor offers non-invasive,
reversible and quantitative adjustable control of molecular processes with superior
spatiotemporal resolution. However, the indispensable need for light impedes the
implementation of optogenetic tool in plants. In order to overcome this obstacle, we
engineered the UV-Bon system, an optogenetic switch based on the UV-B induced
interaction of the endogenous plant components COP1 and UVR8 for controlling gene
expression in plant systems, previously characterized in mammalian cells. Here, we
present the design, implementation and characterization of the UV-Bon switch in A.
thaliana mesophyll protoplasts, expanding the toolbox of optogenetic tools for plant

systems.

INTRODUCTION

Synthetic light-controlled gene switches outperform their chemically inducible counterparts
with their key characteristics like tight quantitative control, minimized invasiveness and highly
precise and reversible control of the spatiotemporal induction (Miiller et al., 2015; Andres et
al., 2019). Hence, development of genetically encoded, light-regulated proteins and switches
not only revolutionized neuroscience in the beginning of the century but also generated a large
toolbox of optogenetically controlled gene switches and proteins for application in animal,
bacterial, fungi and plant systems (Beyer et al., 2015; Fan and Lin, 2015; Muller et al., 2015;
Kolar and Weber, 2017; Salinas et al., 2017; Kolar et al., 2018; Liu et al., 2018; Krueger et al.,
2019). Since the life cycle of plants indispensably depends on the exposure to ambient light,
optogenetic tools cannot easily be adapted for application in plants.

Nevertheless, sophisticated engineering led to generation of switches bypassing activation by
ambient light and avoiding interference with the endogenous photosynthetic circuitry or other
light-triggered signaling events (Andres et al., 2019; Christie and Zurbriggen, 2020). One
technique of overcoming the mentioned obstacles is the induction of system by a small range
of wavelength, while light from other regions of the spectrum or the exposure to ambient light
deactivates the system. The recently described PULSE system combines a previously

described switch with reversible activation and deactivation by red and far red light (Ron)
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(Mdller et al., 2014; Ochoa-Fernandez et al., 2016) with repression under blue light (Bor),
providing activation only with monochromatic red light (Ochoa-Fernandez et al., 2020). Another
approach used a system only active in the dark, while green light, with minimal interference to
the plants endogenous photoreceptors, deactivates the induction (Chatelle et al., 2018).
However, this system requires the addition of vitamin B12 which is not naturally produced in
plants.

For the purpose of expanding the toolbox of plant usable, light-responsive switches, we
prototyped a UV-B optogenetic system based on previous studies on multichromatic
optogenetics in mammalian cells (Mdller et al., 2013b). Therefore, we used protoplast as a
rapid prototyping platform, which has recently been adopted extensively for plant synthetic
biology (Schaumberg et al., 2016; Lin et al., 2020; Ochoa-Fernandez et al., 2020; Lin et al.,
2021).

We adapted the UV-B responsive split transcription factor system based on the core domain
of A. thaliana UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVRS8) (residues 12-381) and
the WD40 domain of CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1). UV-B signaling
has been reviewed comprehensively recently (Podolec et al., 2021). However, in a nutshell, in
the absence of UV-B, UV RESISTANCE LOCUS 8 (UVR8) homodimerizes, while exposure to
UV-B disrupts the dimerization (Rizzini et al., 2011). The now monomeric UVRS8 is the active
conformer and enables interaction with the E3-ubiquitin ligase COP1. Point of the interaction
is the conserved WD40 domain (residues 336-674) of COP1 (Favory et al., 2009). Mediated
by direct interaction with REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1) and
RUP2, UVR8 homodimerizes again in the dark, inhibiting the interaction with COP1 (Gruber et
al., 2010; Heijde and Ulm, 2013).

Hence, we used the described UV-B dependent interaction of UVR8 and COP1 as core of our
optogenetic switch. As previously demonstrated in mammalian cells, the system is based on
the truncated version of UVR8 with removed N- and C-terminal tails, in order to avoid any
interaction with endogenous pathways, and the WD40 domain of COP1, necessary and
sufficient for interaction with UVR8 (Rizzini et al., 2011), were used for our switch.

We demonstrate that the described UV-Bon optogenetic system is not activated by light of
other wavelengths than UV-B. Our system effectively incorporates a new wavelength for

optogenetic applications for photoautotrophic organisms like plants.

RESULTS

Design, adaptation and test of the UV-Bon system for use in plant cells.
In order to create a UV-B light inducible split transcription factor system, COP was N-terminally
fused to a transactivation domain (VP16), while UVR8 was bound to the DNA-binding

macrolide repressor (E) on its N-terminal. E is bound to a specific DNA-motif (erythromycin
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resistance operator; etrs) on the reporter plasmid, containing the reporter gene under control
of a minimal human cytomegalovirus immediate early promoter (Phcwvmin). Since activation of
gene expression of this synthetic inducible promoter (etrs-Pcmvmin) composition in plants cells
was shown before for the Redon system (Miller et al., 2014; Ochoa-Fernandez et al., 2016;
Ochoa-Fernandez et al., 2020), the reporter plasmid design was adapted from this previous
studies. Here, we are effectively utilizing the capacity of this systems in reporting the
heterodimerization of E-UVR8 and COP1(WD40)-VP16 upon illumination with UV-B light,
consequently resulting in an optogenetic system capable of inducing the expression of a gene
of interest (GOI). In the dark, UVR8 homodimerizes without activating gene expression. Upon
illumination with light of the UV-B range of wavelengths, UVR8 monomerizes and is able to
interact with COP1, generating close proximity of VP16 to the minimal promoter. Subsequent,
the transcriptional machinery is recruited, inducing expression of the GOI. Reconversion of
UVRS to the homodimerized state in the absence of UV-B terminates gene expression.

For the purpose of adapting the switch designed for usage in mammalian cells, E-UVR8 and
COP1-VP16 were expressed under control of the plant specific CaMV35S promoter,
functioning in A. thaliana. Further, the SEAP reporter gene was exchanged by the highly
sensitive firefly luciferase (FLUC) (Figure 1 A). To avoid influence of light from other
wavelength than UV-B, a glass filter in the band of 260 — 390 nm was placed between the light
source and the protoplasts. A. thaliana mesophyll protoplasts were isolated and transformed
as described (Ochoa-Fernandez et al., 2016). This protocol allowed the simultaneous
transformation of plasmids carrying individual components. Therefore, allowing rapid
evaluation on different versions of the systems constituents.Transformation with the indicated
components was followed by four hours of incubation in the dark and another 18 hours of
illumination with light of 311 nm (7 ymol m s™") or incubation in the dark. While a fusion of E-
VP16 acted as positive control of the E-based system, single transformation of the reporter
plasmid was used for determining the background activation of the synthetic promoter. Further,
we utilized a constitutively expressed renilla luciferase (RLUC) as normalizing element.

After exposure to the described light conditions, luciferase activity was determined by
calculating the FLUC/RLUC ratio. In our positive control we observed a subtle reduction of
FLUC/RLUC) ratio between darkness and UV-B (7 umol m2s™ of 311 nm), while the synthetic
promoter on its own did not show any mentionable background activity. The results of these
controls suggested a reliable operation of the system in darkness and upon UV-B treatment
(Figure 1 B). In combination with our reporter construct and the normalization element, we
tested several versions of E-UVR8 and COP1-VP16, evaluating FLUC/RLUC in both darkness
and UV-B conditions (Figure 1B). At first, the original switch, with the required changes for
application in plant cells was tested. Further, both proteins were fused to a nuclear localization,

guaranteeing the nuclear abundance of all needed components, to compare their function.
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Nuclear localization of UVR8 reduced leakiness in combination with both variants of COP1,
but also decreased the activity of the system in UV-B illumination. Both combinations
possessed a comparable dynamic range between protoplasts kept in the dark and UV-B
exposed counterparts of 16- and 13-fold, respectively. The UVRS8 variant without NLS showed
stronger activation in co-transformation with the non-tagged COP1, with a comparable
induction fold of 13x. Co-expression of COP1-VP16-NLS led to a weaker activation of the
system in UV-B with the lowest measured induction fold of 8. Since the non-tagged variant of
UVR8(12-381) displayed the strongest UV-B induced activation, a full-length version of UVR8
was further compared to the truncated version. In relation to the previously described
combinations, co-transformation of the complete UVR8 protein and both COP1 version, led to
a much stronger activation of the system with induction folds of 38 (COP1-VP16) and 28
(COP1-VP16-NLS) (Figure 1 B).

RUP1/2 have a minimal impact on optogenetic applicability

We also compared the systems’ functionality between protoplast isolated from wild type (Col-
0) plants to rup1/rup2 double mutant protoplasts. Based on the reported role of RUP1 and
RUP2 in promoting UVR8 homodimerization in darkness (Gruber et al., 2010; Heijde and Ulm,
2013), we performed the same experiment as above described for wild type protoplasts.
Interestingly, we observed an increase in FLUC/RLUC ration and enhanced response for the
combinations of the full-length E-UVR8 and COP1(WD40)-VP16. The latter suggests a
possible role of RUP1 and RUP2 regulation of UVR8-COP1 interaction in the UV-B illumination
conditions we tested (Figure 1 C). However, regarding the optogenetic applicability, we do not
have experimental support for critical differences between Col-0 and the rup1/rup2 double

mutant. Therefore, we focused our efforts only in the Col-0 wild type.

Kinetic experiments suggest tight control of UV-B inducibility

One aim in optogenetic control is the possibility of high temporal resolution regarding the
inducibility of the system. Therefore, we performed a time series experiment for evaluating the
dynamics of the system (Figure 2). Here, the UVR8-COP1 combination with the broadest
dynamic range, composed of the full length UVR8 and COP1-VP16, was transformed. While
three hours after exposure to UV-B light of 311 nm (7 umol m?2 s™") no activation of the system
was measured, three hours later an induction of six-fold in UV-B was detected. Expression of
FLUC further increases, while only a small increase in activity was measured between nine
and 18 hours of illumination. The induction fold only rose from 14.8 after nine hours of
illumination to 15.0 after 18 hours. Subsequent, the induction of the system decreased to 10.2-
fold after 24 hours. The data then suggest that the system reaches steady state expression

after 18 hours. Longer exposure times to pure UV-B light might have an impact on the
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protoplast viability. However, further research in this direction needs to be conducted for such
prolonged periods of time. The kinetic experiment also offered the possibility of testing a
quantitative representation of the system. Therefore, we captured the interactions described
before in an ordinary differential equations (ODE) model (Figure S1). After fitting the model to
the data, we observed large correlations in model parameters, suggesting that a simpler model
parametrization could capture the experimental observations. After significantly reducing the
number of parameters in a new parametrization, we were able to constrain the model
parameters. Interestingly, we were not able to capture the systems dynamics from the start of
the experiment, suggesting two alternative hypotheses: On explanation could be the low
sensitivity, impeding the detection of signal in early stages. The alternative hypothesis we
propose is possibility of inhibition of our synthetic system by elements of the endogenous
phototransduction pathway in darkness. We hypothesize that the endogenous COP1 could
potentially inhibit the interaction between E-UVR8 and COP1(WD40)-VP16.

Incubation in ambient light conditions improves the induction of the UV-Bon system

Given that we had all the components at hand, we tested the second hypothesis. Therefore,
we incubated the plant protoplasts in the presence of white light for four hours, aiming to reduce
this inhibitory effect by relocating COP1 from the nucleus into the cytosol (von Arnim and Deng,
1994; Lau and Deng, 2012; Pacin et al., 2014; Yin et al., 2016). Here the previously applied
incubation in darkness was compared with incubation under ambient light conditions in a
growth chamber. Surprisingly we observed an increase on the FF/REN ratio to 22-fold after
treatment with artificial white light, compared to 15-fold after incubation in darkness (Figure 3).
These results supported our first hypothesis and showed the importance of mathematical
modelling of the synthetic system to characterize the impact of endogenous components in a

non-orthogonal chassis.

Activation of UV-Bon system only in the presence of UV-B

In a following experiment, the influence of light from other wavelength on the induction of the
described was evaluated (Figure 4). Therefore, the protoplasts were not only exposed to light
of 311 nm, but additionally to white (10 ymol m™s™" for the following wavelength ranges: blue
420-490 nm, red 620—-680 nm, and far-red 700—750 nm; see (Ochoa-Fernandez et al., 2020)),
red (660 nm; 5 pymol m2s™) and blue light (460 nm; 5 umol m? s™"). The duration of illumination
was, as before, 18 hours, after 4 hours of incubation in the dark. Since the protoplasts are from
the same round of transformation as in the experiment diagrammed in Figure 3, the same
values of protoplasts incubated in darkness are the same as in Figure 3. Even though all light
conditions had an effect on the fitness of the protoplast In the described experiment, since the
E-VP16 held a lower FLUC/RLUC ratio than protoplast kept in the dark, illumination with UV-

162



Appendix

192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

B led to an induction in FLUC/RLUC ratio of 15-fold for the UVR8-COP1 switch, compared to
protoplasts kept in darkness. The three other light conditions led to no induction of the system
greater than in protoplasts of the control group kept in the dark, while the reporter only negative
control did not indicate any changes in FLUC/RLUC ratio in all tested light conditions. In
summary, our system only showed activation in UV-B while white, red and blue light did not

induce any production of FLUC.

DISCUSSION

Chemically inducible systems for the control of gene expression or other cellular processes
have highly contributed to improve or understanding of cellular processes in plants (Zuo and
Chua, 2000; Moore et al., 2006; Andres et al., 2019). However, these switches have critical
limitations regarding the spatiotemporal regulation, as well as the toxicity effects (Andres et
al., 2019). Optogenetically controlled systems for gene expression overcome these obstacles
by using light as non-toxic inducer with precisely controllable spatiotemporal resolution and
quantitative regulation. While optogenetic tools were extensively implemented for the
application in animal, bacterial or yeast systems (Beyer et al., 2015; Fan and Lin, 2015; Mller
et al., 2015; Kolar and Weber, 2017; Salinas et al., 2017; Kolar et al., 2018; Liu et al., 2018;
Krueger et al., 2019), the transfer to plant system lags behind. The essential need of light for
the plants’ lifecycle and growth, demands more sophisticated approaches for circumventing
the activation of the endogenous light-induced signaling events.

With the development of the UV-B responsive optogenetic UV-Bon switch we expand the short
list of light-inducible tools for the manipulation of gene expression in plants. The UV-Bon
system displayed a strong induction of gene expression after the exposure to light of the UV-
B range of wavelengths, while light from other ranges did not activate the system at all.

It does not depend on an “OFF-module” for deactivation of the gene expression under other
light conditions than UV-B and the thereby simpler organization and smaller size of the system,
could be a benefit compared to other systems like PULSE (Ochoa-Fernandez et al., 2020). In
addition, combination of UVR8on with other light-responsive modules like the Redon or the
BLUEorr switches (Miller et al., 2014; Ochoa-Fernandez et al., 2016; Ochoa-Fernandez et al.,
2020) could expand the range of applications for multichromatic control of gene expression in
plant systems. Since the general buildup of the switch is very similar to the Redon-switch and
both systems use the macrolide repressor E protein for DNA-binding, UV-Bon is fully functional
with the Popo-reporter of PULSE without the need of any modification. Further, the attempt of
incubating the protoplasts in ambient light, emerging from fitting an ordinary differential
equations (ODE) model to our obtained kinetics data of the system, ultimately indicated
beneficial effects on induction-fold of the system, while it seemed to be beneficial for protoplast

fitness after transformation. This leads to the hypothesis that simple filtration of light of the UV
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range of wavelength might allow the expression of the system in full plants, growing under
ambient light conditions without activation. Nevertheless, subsequent experiments of the
functionality of the system in ambient light conditions with supplemented UV-B irradiation need
to be performed to proof this hypothesis. However, the transfer of the system into stable plant
lines expressing the switch will be needed to test if the indicated characteristics of the systems

can be transferred from protoplasts to full plants.

MATERIALS AND METHODS
Protoplast isolation and transformation

Preparation of seedlings, plant growth conditions, protoplast isolation and transformation was
performed as described by Ochoa-Fernandez et al., 2016. A total of 40 ug of DNA was
transformed with ratios of 15 pg for COP1 and UVRS8 containing plasmids, respectively and
7.5 ug of the etrs-Precmvmin-FLUC reporter, as well as 2.5 pg of the RLUC containing plasmid for
normalization of FLUC luminescence.

UV-Light experiments in protoplasts

After transformation, 800 L of each transformation set-up was transferred to a 24 well plate,
followed by 4 hours of incubation under the respective conditions (in the dark or exposed to
white light of the plant growth chamber). Subsequent to incubation, protoplasts were
illuminated with light of 311 nm (UV-B) or kept in darkness (typically for 18 h, unless indicated

otherwise).

Luminescence analysis of protoplast experiments

4 replicates of 80 uL of each sample were into two separate white 96-well assay plates for
parallel measurement of firefly luciferase (FLUC) and renilla luciferase (RLUC) in two separate
microplate readers. Before the measurement, 20 pl of firefly substrate [0.47 mM D-luciferin
(Biosynth AG, Staad, Switzerland), 20 mM tricine, 2.67 mM MgSQO47H.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 MgCO3-5H-0, in H>O] were added to each well for firefly
measurement, while coelenterazine (472 mM coelenterazine stock solution in methanol,
diluted directly before use 1:15 in phosphate-buffered saline) were added to each well of the
renilla measurement plate. Firefly and renilla luminescence were measured in a Centro XS3
LB960 Microplate Luminometer (Berthold Technologies, Bad Wildbad, Germany).
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Light source and illumination conditions

UV-B illumination of protoplast samples was performed with a UVB narrowband lamp (Philips,
prod. no. PL-S 9W/01) covered by an ultraviolet transmitting, visible light absorbing filter (U340,
Hoya, Tokio, Japan), to eliminate non-UV-B wavelengths. Light intensity was adjusted by
changing the distance from light source to the sample to 7 umol m? s of 311 nm UV-B light,
if not indicated otherwise. lllumination with white, red or blue light was performed with custom-
made LED light boxes, as previously described (Mdller et al., 2013a; Ochoa-Fernandez et al.,
2016; Ochoa-Fernandez et al., 2020)
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Figure 1: Mode of function and characterization of the UV-B light-induced gene expression system (UV-Bon) for
application in A. thaliana protoplasts. (A) Mode of function. Under dark conditions, UVR8 dimers fused to the macrolide
repressor E, are bound to the octameric etrs operator sequence on the reporter plasmid without activating gene expression. Upon
illumination with UV-B light (311 nm) dimerization of UVRS8 is disrupted by conformational change of UVRS to its open state. The
open, non-dimerized state is able to bind to COP1(WD40) and recruits it to the reporter plasmid. COP1(WD40) is fused to the
VP16 transactivation domain, now in close proximity to the minimal promoter, initiating gene expression of the firefly luciferase
(FLUC) reporter gene. In absence of UV-B illumination, UVR8 spontaneously reverts back to the closed state, terminating the
gene expression (adapted from Miiller et al., 2013b). Characterization of the UV-B inducible gene expression system in wild type
(B) or rup1/rup2 double mutant (C) protoplasts of A. thaliana. Protoplasts were isolated and transformed with the indicated
components. After transformation and four hours of incubation in the dark, protoplasts were exposed to light of 311 nm (7 pmol
m2 s™") for 18 hours (purple bars) of kept in the dark (black/grey bars) before the FLUC expression, normalized to constitutively
expressed renilla luciferase (RLUC), was determined. n = 4, error bars indicate one standard error of the mean (SEM).
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Figure 2: Kinetics of the UV-B inducible gene expression system (UV-Bon) in wild type protoplasts of A. thaliana.
Protoplasts were isolated and transformed with E-UVR8 and COP1(WD40)-VP16 and the reporter plasmid (etrs-Pcmvmin-FLUC).
After transformation and four hours of incubation in the dark, protoplasts were exposed to light of 311 nm (7 umol m2 s™') or kept
in the dark for the indicated time intervals before the FLUC expression, normalized to constitutively expressed renilla luciferase

(RLUC), was determined. Values were normalized to the corresponding dark sample. n = 4, error bars indicate one standard error

of the mean (SEM).
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Figure 3: Characterization of the UV-B light-induced gene expression system (UV-Bon) for application in A. thaliana
protoplasts after different incubation conditions. Protoplasts were isolated and transformed with the indicated components.
After transformation and four hours of incubation in the dark or under ambient light, protoplasts were exposed to light of 311 nm
(7 umol m s"; purple/rose bars) for 18 hours or kept in the dark (black/grey bars) before the FLUC expression, normalized to
constitutively expressed renilla luciferase (RLUC), was determined. n = 4, error bars indicate one standard error of the mean
(SEM).
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Figure 4: Characterization of the UV-B light-induced gene expression system (UV-Bon) for application in A. thaliana
protoplasts in different light conditions. Protoplasts were isolated and transformed with the indicated components. After
transformation and four hours of incubation in the dark, protoplasts were exposed to light of 311 nm (7 umol m? s'; purple bars),
white light (10 umol m™s™" for the following wavelength ranges: blue 420-490 nm, red 620-680 nm, and far-red 700-750 nm;
white bars), blue light of 460 nm (5 pmol m? s'; blue bars), red light of 660 nm (5 pmol m? s, red bars) for 18 hours or kept in
the dark (black bars) before the FLUC expression, normalized to constitutively expressed renilla luciferase (RLUC), was
determined. n = 4, error bars indicate one standard error of the mean (SEM).
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UV-B light-inducible system for the control of gene
expression in A. thaliana mesophyll protoplasts
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SUPPLEMENTARTY INFORMATION

Figure S1: Graph diagramming the ordinary differential equations (ODE) model fitted to the
kinetic experiment of the UV-Bon system described in Figure 2.

Table S1: Construction and description of plasmids used in this work.

Table S2: Oligonucleotides used for cloning in this work.

Description of the mathematical modeling approach:
1. Reproducibility

In order to ensure reproducible computational results, we implemented a docker container
(similar to Urquiza-Garcia and Millar, 2021). The docker container can be obtained by typing
docker pull uurquiza/uv_modelling:latest. Nonetheless the docker file can be found in the
supplementary data. The system built using:

docker built -t uurquiza/uv_modelling:latest .

In order to start the container, navigate to the folder enclosing the script files and type:

sh start.sh

Once inside the docker image type

jn

this will start jupyterlab which is accessible on the local computer web-browser by typing

localhost:8888/

2. Modelling the UV optogenetic system

In order to test if the system behaves to our expectation, we created a mathematical model
based on Ordinary Differential Equations (ODEs) that integrates our basic assumptions of how
the optogenetic system operates. The time scale of the system is in hours while the mass scale

currently presents arbitrary units. The trailing ¢ denotes concentration.
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The most important assumption is the system operates without interference from the
endogenous light phototransduction pathways. Now in particular, we assume a constitutive net
production of E-UVR8 (cU8) and COP(WD40)-VP16 (cC16) represented by parameters n; and
n2. We assumed constant degradation across the experiment represented by ms and ms. We
also assume that upon production E-UVR8 and COP1(WD40)-VP16 are instantaneously
transported into the nucleus. In darkness we assume dimerization of E-UVR8 with rate
constant k.. Under UV-B illumination represented by L monomerization of E-UVR8 dimers
takes place with rate constant k;. L has units of has units of umol/m?s. E-UVR8 monomers can
interact with COP1-VP16 with rate constant ks which results in the formation of the E-
UVR8:COP1(WD40)-VP16 (cCU). The complex can dissociate with a rate constant k4. The
cCU complex can then activate the expression of a firefly luciferase reporter gene (cLUC). We
assume hill type kinetics without cooperativity. The latter functional form modulates LUC’s net

production rate n3. LUC degrades with decay constant m5 with value of 0.15 h™.

3. Model Fitting to time series of LUC activity in protoplast

Using this model, we tested if we could explain the dynamic for the observable variable LUC.
We performed computational fitting of the model using Tellurium and Lmfit in python. We
obtained scaling factors automatically as described by Brown and Sethna, 2003. The number
of data points is lower than the number of parameters therefore we artificially fixed some of
them for example the LUC decay constant ms (assuming, same reporter characteristics as the
one described by Urquiza-Garcia and Millar, 2019. Furthermore, we fixed the net production
rates of E-UVR8 and COP1(WD40)-VP16. These parameters effectively determine the mass

scale however we can set them to nominal values (e.g. 1). We are currently mainly interested
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in explaining the time series shape rather than the mass-scale of the system. Therefore, the

model has absolute time units, however remains with arbitrary mass units.
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Figure S$1: Graph diagramming the ordinary differential equations (ODE) model fitted to the kinetic experiment of the UV-
Bon system described in Figure 2.

Table S1: Construction and description of plasmids used in this work. (All plasmids were constructed using AQUA and
Gibson assembly cloning methods.)

Plasmid Description Reference
pGB109 Pcamvass-RLUC-pA GoldenBraid
. . . . . Database
Pcawvass-driven plant expression vector encoding the renilla luciferase.
pKMO081 etrg-Pcmvmin-SEAP-pA (Mller et al.,
2013)
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pMZ820 Pcamvass-E-UVR8(12-381)-pA This work
Pcawvass-driven plant expression vector encoding A. thaliana UVR8(12-381) fused to the
macrolide repressor E.
pMZ821 Pcamvsss-COP1(WD40)-VP16-pA This work
Pcamvass-driven plant expression vector encoding the WD40 domain of A. thaliana COP1
fused to the VP16 transactivation domain.
pMZ824 Pcamvass-E-VP16-NLS-pA (Miller et al.,
Pcamvass-driven plant expression vector encoding the macrolide repressor E fused to the 2014)
VP16 transactivation domain and a nuclear localization domain.
pMZ827 Pc.mvass~E-PIF6(1-100)-NLS-pA (Mdaller et al.,
2014
Pcawvass-driven plant expression vector encoding nuclear-targeted E-PIF6(1-100) )
pMZ836 etrg-Phcmvmin-FLUC-pA (Mdller et al.,
2014)
pROF052 etrs-Phcmvmin-FLUC-pA This work
pMZ836 and pKMO081 were digested with EcoRI/Sbfl. CIP was added to pMZ836 and
fragments etrs (pPKM081) and P-CMVmin-FLUC-pA (pMZ836) were purified and ligated.
pROF150 Pcamviss-E-UVR8(12-381)-NLS-pA This work
E-UVR8 was amplified from pMZ820 with oligos oROF003/157. pMZ827 was linearized by
EcoRI/Ndel. Both fragments were assembled by AQUA cloning.
pROF151 Pcamviss-COP1(WD40)-VP16-NLS-pA This work
COP1(WD40)-VP16 was amplified from pMZ821 with oligos oROF003/158. pMZ827 was
linearized by EcoRI/Ndel. Both fragments were assembled by AQUA cloning.
pRSET PT7-driven bacterial expression vector Novagen
pTB511 P3ss-E-UVR8-pA This work
UVR8 was amplified from synthesized UVR8 from IDT and amplified with 0TB216/217.
pMZ820 was linearized by EvoRI/SgrAl. Both fragments were assembled using AQUA
cloning.
gg Table S2: Oligonucleotides used for cloning in this work.
87
Oligonucleotide Sequence (5’ > 3’) 88
oTB216 CACATGCGTCCGCGTACAGCGGTACCGGCGGCGGCCGCATGGCGGAGGATATGGCT
oTB217 CCGGTGGATCCAAGCTTCTCGAGCCCGGGGGAATTCTCAAATTCGTACACGCTTGACA
TCA
oROF003 AGGTAAGCTTGGTACCACC
oROF157 TGGATCCAAGCTTCTCGAGCCCGGGGAATTCCTACACCTTCCTCTTCTTCTTTGGTCCA
TCGACGCTGAGT
oROF158 TGGATCCAAGCTTCTCGAGCCCGGGGAATTCCTACACCTTCCTCTTCTTCTTTGGCCCA
CCGTACTCGTCAAT
89
90
91
92
93
94
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circuits in plants, Plant Physiol 179: 862—884, February 2019
*equal contribution

Contribution: Research, writing and preparation of all figures with Jennifer Andres.
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7.2.1 Synthetic switches and regulatory circuits in plants

'.) Check for updates
Update on Synthetic Switches and Regulatory Circuits

Synthetic Switches and Regulatory Circuits
in Plants!(OPEN]

Jennifer Andres,? Tim Blomeier,2 and Matias D. Zurbriggen3+
Institute of Synthetic Biology and CEPLAS, University of Diisseldorf, 40225 Duesseldorf, Germany
ORCID ID: 0000-0002-3523-2907 (M.D.Z.).

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

'This work was supported by the Excellence Initiatives of the
German Federal States Governments (DFG, EXC-1028-CEPLAS), a
stipend from the Max-Planck-Gesellschaft (Max Planck Society), the
University of Diisseldorf, and the University of Cologne.

*These authors contributed equally to the article.

3 Author for contact: matias.zurbriggen@uni-duesseldorf.de.

*Senior author.

J.A., T.B., and M.D.Z. performed research and wrote the article.

IOPENI Articles can be viewed without a subscription.

www.plantphysiol.org/cgi/doi/10.1104/pp.18.01362

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
a lack 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).

862 Plant Physiology®, March 2019, Vol. 179, pp. 862-884, www.plantphysiol.org © 2019 American Society of Plant Biologists. All Rights Reserved.
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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 requlatory 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

Plant Physiol. Vol. 179, 2019

Plant Synthetic Switches and Regulatory Circuits

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 ':

Tetracycline
resistance

; VP16

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
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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
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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 I]-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 RESPONSET; 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
() TetR/tetO

GAL4-UAS

PiP/PIR

Eletr8
TOXNT/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)

Bdéhmdorfer 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 ared 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 Translational and Posttranslational Switches
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 controlling gene expression on the translational level.
processes. . . The most prominent components of RNA-based tools

Despite these technical and experimental con- include RNA interference (RNAi; Fire et al., 1998),
straints, the first optogenetic tools have already been microRNAs (Lagos-Quintana, 2001), aptamers, and ri-
successfully implemented in plants (Table 1). These bozymes. While RNAi, microRNAs, and ribozymes
include a phytochrome-based red light-inducible and lead to cleavage or splicing of the target mRNA(Fire

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

a CarH-based green light-regulated expression sys- et al., 1998; Warashina et al., 2000; Lagos-Quintana,
tem (Miller et al., 2014; Ochoa-Fernandez et al., 2016; 2001), aptamers bind to specific targets like metal
Chatelle et al., 2018). The former is activated by red ions, small molecules, DNA, or proteins (Xiao et al.,
light and inactivated by far-red light. Simple supple- 2008). Aptamers are structured noncoding RNAs, nat-
mentation of ambient illumination in greenhouses urally found in riboswitches that interfere with the ac-
with low intensities of far-red light keeps the system cessibility of the ribosomes to the mRNA, affecting
repressed. Irradiation with red light leads to quanti- translational control (Breaker, 2012; Auslinder and
tatively controlled activation of gene expression Fussenegger, 2017). Using the in vitro selection
(Miiller et al., 2014; Chatelle et al., 2018). The second method SELEX (for systematic evolution of ligands by
strategy comprises the engineering of a green light- exponential enrichment; Ellington and Szostak, 1990),
inducible bacterial photoreceptor, CarH. Use of many aptamers for new targets have been developed,
green light as a stimulus minimizes the interference such as the synthetic tetracycline-binding aptamer

with endogenous plant photoreceptors, as this region (Hanson et al., 2005; Xiao et al., 2008). By integrating
of the sunlight spectrum normally does not produce protein-binding aptamers, the control of translational

hvsiologicall - ionali f rele- regulation via repression or alternative splicing can be
gazséo(gigti ll}é :}[C:l‘_/ezosllgia ng responses ob rele 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 (Miller 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.4o promoter, for constitutive expression of a POI 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; Miiller 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-

Plant Synthetic Switches and Regulatory Circuits

(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 (Mller
etal., 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).
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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

870

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
Mdm?2 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-Nifio 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 etal., 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

Plant Synthetic Switches and Regulatory Circuits

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,
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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 lac repressor 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
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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,
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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 B-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 (Phcamy). 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.)
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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.

880

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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