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Summary 
To reconstruct and understand complex regulatory networks and signaling pathways, the field 

of synthetic biology evolved from synthetic gene circuits to the construction of toggles switches 

and complex molecular tools. Within those tools, new synthetic approaches such as the 

relatively new field of optogenetics arose and showed increased applicability in bacteria, plants 

and mammalian cells. 

Since the first optogenetic tool based on the light-dependent ion-channel channelrhodopsin 

was developed, various light-activatable systems to control and study cellular processes with 

a high spatiotemporal resolution were engineered. Those studies and the deciphering of 

complex pathways is particularly difficult in many organisms, because of genetic redundancy, 

interconnectivity and component number. To gain better understanding of light signaling 

pathways, a synthetic, optogenetic approach to screen, analyze and reconstruct complex plant 

signaling pathways in an orthogonal mammalian cell-based platform is one part of this work. 

Furthermore, an optogenetic tool for in vivo applications was generated since the control of 

gene expression in a non-invasive manner by light in in vivo situations with high precision and 

a deep tissue penetration still lags behind.  

 

A phytochrome B-based toggle switch was re-engineered for a highly customizable and easily 

exchangeable modular structure. This optimized toggle switch has been used i) to study the 

light-dependent interaction with truncated versions of PIF1,3 and 6 in detail, ii) as a screening 

platform for light-dependent interactions of various plant transcription factors and 

phytochromes in an orthogonal platform, iii) to engineer a novel red light-inducible 

phytochrome A-based split transcription factor system and iv) in a developed lentiviral delivery 

system in neuronal-like cells in view of future in vivo applications.  

 

Optogenetic tools based on different photoreceptors to target transcriptional inhibition, protein 

stability and mRNA levels simultaneously, were designed, characterized and combined for a 

complete light-induced protein knockout in mammalian cells. These approaches or switches 

were used for i) quantitative analysis, ii) control of programmed cell death and iii) control of cell 

cycle progression by endogenous protein knockout.  

 

The demonstration of the comprehensive applicability of optogenetic tools designed in this 

work exemplifies the possibilities and perspectives in various research fields and the 

importance of synthetic biology to answer today´s fundamental scientific questions. 

Furthermore, this work illustrates the transmission from the reconstruction of plant light-

signaling pathways to the design and construction of novel optogenetic tools based on this 

knowledge.
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1 Introduction 
The fundamentals of synthetic biology and the resulting optogenetic tools are the basic of the 

work done in this thesis. This introductory part describes relevant synthetic biology principles, 

the advantage of CRISPR/Cas9 in synthetic biology and detailed background information 

about plant transcription factors and optogenetic light-switches. 

 

1.1 Introduction in synthetic biology  

During the last 20 years, synthetic biology has developed from simply engineering approaches 

to complex engineered gene circuits. This fast growing field of study is motivated by the need 

of a molecular toolbox based on Boolean logic gates (Jewett, 2017). The roots of synthetic 

biology were described in 1961 by Jacob and Monod (MONOD and JACOB, 1961). By showing 

the existence of a regulatory circuit in E. coli they pined the response of a cell to its 

environment. From this timepoint the assembly of new regulatory systems in bacteria started. 

Throughout the years, a lot of different circuits and systems were established in bacteria (Fig. 
1 A) (Liu et al., 2017; Andres et al., 2019). For example, in the early 2000s the first genetic 

toggle switch with expressing inhibitory repressors was engineered (Fig. 1 B) (Gardner et al., 

2000). Additionally, an oscillatory circuit consisting of a triple negative-feedback loop (Elowitz 

and Leibler, 2000) and even more advanced circuits like light-sensing bacteria (Levskaya et 

al., 2005) or combinatorial genetic circuits (Guet et al., 2002) were developed (Fig. 1 C). During 

the last years, the achievements in synthetic biology have been more advanced, complex and 

they also include different organisms and combinations with other tools like CRISPR/Cas9. 

For instance, RNA-based Boolean logic gates (Win and Smolke, 2008), edge detectors (Tabor 

et al., 2009) , microbial kill switches (Callura et al., 2010), transcriptional regulatory circuits in 

animal cells (Lutz and Bujard, 1997; Weber and Fussenegger, 2006) and activation as well as 

repression of gene expression using CRISPR/Cas (Bikard et al., 2013). Those synthetic tools 

allowed profound advances in cancer research (Anderson et al., 2006), immunology (Geering 

and Fussenegger, 2015), protein expression (Gardner et al., 2000) and genome analysis 

(Gibson et al., 2010; Doudna and Charpentier, 2014). Taken together, the synthetic toolbox, 

inspired by nature, allows the control of gene expression, interrogation of gene networks and 

customization of cellular devices. Nevertheless, one of the goals of synthetic biology is to 

further develop novel molecular and cellular systems with desired properties and biological 

functionalities that are not present in nature (Andres et al., 2019). 
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Fig. 1: Examples of regulatory circuits. A) Natural tetracycline switch. The tet repressor (tetR) is bound to its 
cognate tet operator (tetO) DNA-binding motif in the absence of tetracycline and represses the expression of the 

tet resistance-mediating tetA gene. When cellular levels of tetracycline increase, it binds to tetR and induces a 

conformational change resulting in the dissociation from the tetO sequence which provides expression of tetA 
(Adapted from Andres, Blomeier and Zurbriggen, 2019). B) An early engineered toggle switch. Two promoters 

each controlling expression of one repressor encoding gene (tetR, lacI). Each of the repressors regulates the 

promoter of the counterpart repressor antagonistically. This results in a bistable circuit, additionally controllable by 

supplementation with inducers such as isopropyl-b-1-thiogalactopyranoside (IPTG) or tetracycline (Tet). Addition 

of one of the inducers provides a stable state over a longer time period without further inducer addition which can 

be visualized by co-expression of GFP with one repressor (Adapted from Gardner, Cantor and Collins, 2000). C) 

Scheme of a synthetic oscillator (Stricker et al., 2008). All genes (araC, lacI and yemGFP) are under the control of 
a synthetic hybrid promoter Plac/ara-1, consisting out of the activation operator site from the araBAD promoter and 

the repression site from the lacZYA promoter (Lutz and Bujard, 1997). The araC protein, in presence of arabinose, 

activates the hybrid promoter and thereby the gene expression of all three genes, which results in two feedback 
loops. The positive feedback loop gets activated by the hybrid promoter through the production of araC, and the 

negative feedback loop is based on the repression via the production of the lacI protein. LacI negatively regulates 

the expression of all three genes in the absence of IPTG. In summary, both feedback loops together constitute the 

synthetic oscillator (Adapted from Andres, Blomeier and Zurbriggen, 2019). 
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1.1.1 Synthetic biology in mammalian cells 

Since the field of synthetic biology in microbial systems was growing fast, it was no surprise 

that these concepts were adopted by researchers working in mammalian cells or other 

eukaryotes. Transcriptional circuits, in an orthogonal manner were constructed to control 

cellular processes in other cell types (Weber et al., 2006). To date the largest number of 

mammalian synthetic circuits, consist of transcription factor circuits because they are intuitive 

to design and implement and they allow a high temporal control of expression of the protein of 

interest (Lienert et al., 2014). Those transcription factors usually contain a DNA binding domain 

and transcriptional-activation or -repression domains for positive or negative regulation of 

target genes (Lienert et al., 2014). Utilizing the ability of transcription factors to recognize their 

cognate DNA binding domain on specific DNA sequences makes it possible to engineer 

synthetic promoters (Gossen and Bujard, 1992). The first generation of synthetic gene circuits 

was based on naturally existing transcription factors, such as LacI, TetR and GAL4, or PIP or 

E (Folcher et al., 2001; Weber et al., 2002). Since then they were continuously replaced by 

programmable transcription factors such as zinc-finger-containing factors (Laity et al., 2001), 

transcription activator-like effectors (TALE) (Moore et al., 2014) and clustered regularly 

interspaced short palindromic repeats (CRISPR)- based regulators (Sander and Joung, 2014) 

(Fig. 2 A). Each of them can be engineered to bind desired DNA sequences. The fact that 

synthetic circuits and tools are not limited to transcriptional regulation allows their applicability 

on additional cellular hierarchy levels. During the last decade translational or posttranslational 

switches and regulators got more prominent in mammalian synthetic biology (Liang et al., 

2011). For instance, RNA-based approaches like RNAi (Fire et al., 1998), microRNAs (Lagos-

Quintana et al., 2001), aptamers and ribozymes (Etzel and Mörl, 2017) were developed to 

control translational or post-transcriptional processes. While RNAi, miRNAs and ribozymes 

lead to cleavage or splicing of the target mRNA, aptamers bind to specific targets like metal 

ions, small molecules, DNA or proteins (Xiao et al., 2008; Andres et al., 2019). Aptamers are 

structured, noncoding RNAs, which can interfere via ribosomes with mRNA leading to 

transcriptional control (Andres et al., 2019). One example, of RNA-based regulation for 

aptamers was shown by the workgroup of Ausländer et al. (Ausländer et al., 2011). They 

placed aptamers that sense the presence of specific proteins in the 5´-untranslated region 

(UTR) of transcripts, resulting in translational inhibition in the presence of the sensed protein 

(Ausländer et al., 2011; Lienert et al., 2014) (Fig. 2 B). Furthermore, siRNAs and miRNAs- 

based regulators have been shown as viable options for Boolean logic computing frameworks 

(Rinaudo et al., 2007; Lienert et al., 2014). Those RNA-based systems are relatively fast-

acting, as they do not require translation. Moreover, RNA-targeted systems are very effective 

when combined with transcriptional regulation (Lienert et al., 2014). Additionally, RNA-based 

parts and devices hold many advantages but also trade-offs, such as off-targets not-related to 
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the gene of interest, compared with other types of regulators (Lienert et al., 2014). The 

combination of Inhibitory RNA and a transcriptional repressor can lead to a nearly complete 

repression of gene activity (Deans et al., 2007; Garg et al., 2012).  

  
In contrast to the transcriptional and translational control of a protein, the protein stability itself 

offers a powerful application to rapidly and post-translationally control protein activity. Protein 

stability depends on several factors such as length of the peptide sequence, occurrence of 

specific amino acids that can be phosphorylated or other post-translational modifications, such 

as SUMOylation (Yen et al., 2008; Lienert et al., 2014; Park et al., 2016). However, the stability 

of proteins can be actively regulated for instance by adding a glycine to the N-terminus of the 

protein or by actively inducing degradation via the ubiquitylation pathway. The E3 ubiquitin 

ligase recognizes proteins that harbor a specific domain and catalysis the transfer of ubiquitin 

to this target protein, leading to recognition and degradation by the 26S proteasome (Hershko 

and Ciechanover, 1998; Lienert et al., 2014). For example, the A. thaliana F-box protein 

TRANSPORT INHIBITOR RESPONSE 1 (TIR1) has been shown to form an active E3 ubiquitin 

ligase complex in mammalian cells together with the SCF-complex. Upon binding to the SCF-

complex it can bind auxins, which are plant hormones that are involved in many signaling 

pathways in planta, but also in gene expression (Calderón Villalobos et al., 2012; Lienert et 

Fig. 2: Scheme of transcriptional regulators in mammalian cells. A) Transcriptional chimeric regulator. A DNA 

binding domain (DBD, e.g. tetR, E, Pip) is fused to an activation domain (AD, e.g. VP16, VP64). In absence of the 

inhibitory molecule, the DBD binds to its cognate operator site (op, e.g. tetO, etr8), the fused activation domain 
gets in close proximity to the minimal promoter and induces transcription of the gene of interest (goi). Addition of 

the inhibitory molecule leads to a conformational change of the DBD-AD fusion protein, releases the operator and 

terminates transcription (adapted from Hannes Beyer PhD Thesis, 2015). B) Mechanism of the theophylline-
responsive tetR aptamer. The DNA-binding domain tetR is fused to the virus-derived trans activator VP16 (tTA) 

which binds to its specific DNA operator sequence (op) and activates transcription of the gene of interest (goi). In 

presence of theophylline, the structure of the theo-tetR-aptamer is restored. This allows specific binding to tTA and 
therefore inhibition of the transcriptional activity (adapted from Ausländer et al., 2011). 

op goiPmin

DBD AD
goi

goi

goi

op goiPmin

DBD AD

A B

op goiPmin

tTA

theo-tetR-aptamer

op goiPmin
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al., 2014). With this system, GFP was engineered to contain a recognition site for TIR1, for a 

auxin-dependent degradation of the protein of interest (Nishimura et al., 2009; Wend et al., 

2013). Studies of cellular signaling and signaling pathways in mammalian cells are another 

important field. To introduce novel control schemes or to reroute information flow in signaling 

networks and pathways, they were synthetically engineered (Archer and Süel, 2013). For 

instance, G protein coupled receptors (GPCRs) which are activated by specific ligands to 

induce downstream pathways, were modified to detect synthetic small molecules for 

orthogonal external control (Barnea et al., 2008). Another essential part of synthetic biology in 

mammalian cells is the reconstruction of complex signaling pathways to define essential 

components of those or use the mammalian system as an orthogonal platform to study plant 

signaling pathways. Such an approach was used to express proteins involved in the B-cell 

receptor (BCR) signaling pathway and T cell receptor (TCR) signaling pathway in non-immune 

cells (Yang and Reth, 2010; Lienert et al., 2014). By expressing 10 or more heterologous 

proteins, James and Vale were able to recapitulate TCR signaling (James and Vale, 2012). 

Another approach to reconstruct plant signaling pathways in mammalian cells was to analyze 

the translocation into the nucleus of A. thaliana phytochrome B (PhyB) via phytochrome 

interacting factor 3 (PIF3). Two hypotheses existed: i) an endogenous NLS sequence of PhyB 

which is exposed upon illumination with red light and ii) an NLS sequence of PIF3 which can 

interact with PhyB upon red light-illumination and transport PhyB into the nucleus to induce 

light-signaling (Chen et al., 2005; Pfeiffer et al., 2012). Using an orthogonal mammalian system 

and with a synthetic approach Beyer et al. could proof the second hypothesis by reconstructing 

this minimal pathway with fluorescent tagged proteins and analyzing the light-dependent 

translocation to the nucleus (Beyer et al., 2015b) (Fig. 3).  
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Today synthetic biology aims to develop new therapeutic applications. Therefore, synthetic 

approaches are used for instance to express therapeutic genes from promoter elements that 

are only active in certain cell types to provoke cell-type specific activity (Whitfield et al., 2012). 

Moreover, synthetic biology improves combined therapeutics, such as direct fusion of anti-

bodies to a therapeutic protein (Ortiz-Sánchez et al., 2008), building chimeric activators (Cironi 

et al., 2008), influence the protein delivery in mammalian cells by liposomes (Akinc et al., 

2010), nano-particles (Hasadsri et al., 2009) and receptor-ligand fusions (Rizk et al., 2009; 

Cameron et al., 2014).  

To construct all of these synthetic tools, fast and cheap cloning approaches are needed. Over 

the years different techniques were published. One of the oldest synthetic cloning techniques 

Fig. 3: Reconstruction of PIF mediated phytochrome B nuclear transport. Design of the red light-controlled 
nuclear localization system. Arabidopsis thaliana phytochrome B (PhyB) is fused to mCherry and 

PHYTOCHROME INTERACTION FACTOR 3 (PIF3) is fused to GFP. Optionally a nuclear export signal (NES) 

can be added. Upon illumination with red light (660 nm) and in presence of the chromophore Phycocyanobilin 
(PCB), PhyB changes its conformation to its active state (Pfr) and directly binds to PIF3. PIF3 contains an intrinsic 

nuclear localization sequence (NLS) and provides the nuclear transport of the heteromeric complex. Illumination 

with far-red light (740 nm) leads to conversion of PhyB to its inactive state (Pr) followed by the dissociation of PIF3. 

In presence of a NES sequence, PhyB shuttles back to the cytoplasm (Adapted from Beyer et al., 2015).  
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was shown by Gibson et al. to clone the whole genome of Mycoplasma genitalium (Gibson et 

al., 2008). In addition, methods like golden gate and enzyme free cloning were developed 

during the last years (Engler and Marillonnet, 2014; Beyer et al., 2015a). 

 

1.1.2 CRISPR/Cas in synthetic biology 

The immunological memory in bacteria of prior infections by bacteriophages and mobile 

genetic elements is provided by using CRISPR/Cas (clustered regularly interspaced short 

palindromic repeats/CRISPR-associated) (Marraffini, 2015; Hille and Charpentier, 2016; 

Mekler et al., 2019). They store the genetic information of viruses in their CRISPR arrays for a 

rapid immunological response upon invader infection (Barrangou and Doudna, 2016). Those 

foreign guide sequences are processed and part of the CRISPR RNAs (crRNAs) which are 

necessary for the binding of Cas effector proteins to the matching region of the invaders DNA 

(Jackson and Wiedenheft, 2015). Through the endonuclease activity of the Cas effector 

protein, the target is cleaved and a subsequent infection is avoided (Marraffini, 2015; Hille and 

Charpentier, 2016; Mekler et al., 2019). Recently the CRISPR/Cas system reached a huge 

popularity as a new, powerful method for precise genome editing and genome engineering 

(Marchisio and Huang, 2017). Since the programming of Cas is very easy by simply 

customizing the sequence of the guide RNA to match the target DNA, it is used extensively for 

genome editing (Doudna and Charpentier, 2014). The most prominent CRISPR Class 2 

system is based on the Type II Cas9 from Streptococcus pyogenes (Jiang and Doudna, 2017). 

These Cas9 effector requires an additional trans-acting crRNA (tracrRNA) (Deltcheva et al., 

2011) and a protospacer adjacent motif (PAM) to be activated and to find and cleave the target 

dsDNA (Mojica et al., 2009; Sternberg et al., 2014). Both RNAs and the PAM motif were 

combined into a single-guide RNA (sgRNA) to make the system more suitable for 

biotechnology and synthetic biology (Jinek et al., 2012). So far the main application is DNA 

editing (Marchisio and Huang, 2017). CRISPR/Cas9 was used for knock out (Cho et al., 2013) 

or knock in (Wang et al., 2013) mutants in several model organisms by using their own 

homology directed repair (HDR) or non-homologous end joining (NHEJ) systems. 

Furthermore, the CRISPR/Cas system was successfully used for therapeutically purposes as 

for instance to correct the CYSTIC FIBROSIS (CTFR) locus via homologous recombination in 

cultured intestinal stem cells of patients with cystic fibrosis (Schwank et al., 2013; Pellagatti et 

al., 2015).  

Also, a catalytically inactive Cas9 variant (dCas9) is a key element for the construction of new 

transcription factors in synthetic biology (Marchisio and Huang, 2017). This new and powerful 

way of engineering orthogonal transcription factors gave researchers the possibility to regulate 

promoter sequences in a highly customizable manner (Marchisio and Huang, 2017). To that 

end, dCas9 is fused to activation or repressor domains such as VP64 (Gilbert et al., 2013) or 
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KRAB (Beerli et al., 2000), thereby allowing regulation of protein expression via customized 

gRNAs. Those gRNAs usually are synthesized by RNA polymerase III promoters such as the 

murine U6 or yeast SNR52 promoters (DiCarlo et al., 2013; Gilbert et al., 2013). An advantage 

of the Cas-based systems is their usage as a scaffold (Konermann et al., 2015) or as an 

inducible system (Zetsche et al., 2015). Within the different Cas types there is only one (Type 

VI), beside Class I Type III, that is able to recognize RNA instead of DNA as a target. The best 

characterized member of this family so far is Cas13a (formerly C2c2). Liu et al. could determine 

the function of the cleavage mechanism of Cas13a on ssRNA and show that protospacer 

flanking sites (PFS) influence the efficiency of the Cas13 effector (Liu et al., 2018). Interestingly 

the Cas13 effector does not depend on a PAM sequence, since it is necessary for the 

unwinding process of the DNA (Murugan et al., 2017). After a screening of a family subset of 

Cas13 enzymes it was discovered that Cas13b from Prevotella sp (PspCas13b) has the 

highest mRNA cleavage efficiency (Cox et al., 2017). Additionally, PspCas13b showed the 

highest specificity in cleavage with a strongly decreased number of off-targets. To give the 

system also the ability to be an editing tool, a deaminase (ADA2) was fused to a catalytically 

inactive variant of PspCas13b (dCas13b). This deaminase is able to change an adenosine to 

an inosine directly in the RNA. Ribosomes are recognizing this inosine as a guanine which 

leads to a mutation in the protein. With this tool (Cas13b-REPAIR) Cox et al. were able to 

modify mRNAs of interest with an efficiency up to 50% depending on the mRNA sequence 

(Cox et al., 2017).  

 

1.1.3 Optogenetic tools in synthetic biology 

Light is one of the most important abiotic environmental stimuli. In nature, a range of 

photoreceptors exist sensing light in the entire visible spectrum. In planta, light is essential for 

development, growth and photosynthetic energy production (Ni et al., 2014). In mammalian 

cells and higher eukaryotes, light influences cellular processes and the circadian clock via 

retinal absorption (Hattar et al., 2002). In fungi, like Neurospora, light plays a critical role in the 

circadian rhythm (Schafmeier and Diernfellner, 2011). In contrast to chemicals, light has 

numerous advantages. For instance, it allows, depending on the wavelength, deep tissue 

penetration with minimized invasiveness. Additionally, light as an application enables high 

spatiotemporal resolution, while chemical inducers suffer from toxicity, tissue diffusion and 

non-reversibility. By taking advantage of these unique features, light is used as an inducer for 

several approaches. Since Oesterhelt and Stoeckenius found in 1971 a light-dependent proton 

pump, bacteriorhodopsin (OESTERHELT and STOECKENIUS, 1971), several other opsin 

proteins were discovered. The use and introduction of opsins in neuroscience and animal cells 

allowed to selectively change neuronal membrane potentials by regulating micro bacterial ion 

pumps or channels via light. The term “optogenetics” was more and more established in the 
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growing research field using those opsins to study neuroscience in animal cells. Especially, 

established neuronal activators like channelrhodopsin (ChR2) or inhibitors like halorhodopsin 

(NpHR) were used as optogenetic tools and set the start to develop better or different variants 

as well as novel and more complex tools (Nagel et al., 2003; Adamantidis et al., 2007; Arenkiel 

et al., 2007; Hegemann and Möglich, 2011). In the last ten years a second wave of optogenetic 

tools, based on plant and bacterial photoreceptors, were developed to construct synthetic 

signaling pathways in E. coli and yeast (Shimizu-Sato et al., 2002; Levskaya et al., 2005). More 

recently, optogenetic light-switches based on photoreceptors from all living organisms were 

engineered for use in mammalian cells to control cellular processes, signaling pathways as 

well as protein localization and stability (Levskaya et al., 2009; Wu et al., 2009; Yazawa et al., 

2009; Müller et al., 2013a; Motta-Mena et al., 2014; Beyer et al., 2015b; Kaberniuk et al., 2016; 

Baaske et al., 2018; Chatelle et al., 2018).  

 

1.2 Optogenetic light-switches  

In the last years several optogenetic light-switches based on photoreceptors from all kingdoms 

of life and covering the whole visible light-spectra were developed. An overview and 

description of these non-neuronal optogenetic switches are following starting with UV-light 

switches. 

 

1.2.1 Photoreceptors and their application in light-switches 

UV-light 

UV-light is toxic at high intensities not only for humans but also for plants. As an inducible 

protection mechanism, plants like A. thaliana, contain a seven bladed b-propeller 

photoreceptor UV resistance 8 (UVR8). In the absence of ultraviolet-B light the UVR8 

photoreceptor forms a dimer (Rizzini et al., 2011; Christie et al., 2012; Di Wu et al., 2012; 

Crefcoeur et al., 2013). Upon UV-B light illumination at 280 nm, the UVR8 dimer dissociates 

into monomers which can interact with the constitutively photomorphogenic 1 (COP1) protein, 

which is an important part of the UVB-signaling pathway (Yin et al., 2015). Based on this UV-

B light induced interaction and on the heterodimerization, optogenetic switches for 

transcriptional control were developed (Crefcoeur et al., 2013; Müller et al., 2013b)(Fig. 4). 

Additionally, the homodimerization of UVR8 was used to engineer cytokinin release switches 

and inducible protein secretion (Chen et al., 2013; Sarris et al., 2016). 
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Blue-light 

Several optogenetic switches based on blue light-responsive receptors and proteins exist, 

such as Dronpa, light-oxygen-voltage (LOV), EL222, bPAC, cryptochrome 2 (CRY2), gigantea 

(GI), VVD and Melanopsin.  

Dronpa is a fluorescent protein from the Pectiniidae family which was discovered by a cDNA 

screening (Habuchi et al., 2006). The engineered variant of Dronpa, 145N, can be switched 

off by illumination with cyan light at ~500 nm and switched on with violet light (~400 nm). The 

fluorescent tetramer of Dronpa monomerizes when excited at ~500 nm and loses the 

fluorescence while it tetramerizes upon excitation with ~400 nm (Zhou et al., 2012; Beyer et 

al., 2015c) (Fig. 5).  

Light-oxygen-voltage (LOV) domains are the key flavin-containing domains of most of the blue 

light photoreceptor families, such as phototropin, zeitlupe (ZTL), flavin binding kelch repeat F-

box 1 (FKF1), LOV kelch protein 2 (LKP2), neochrome and aureochrome (Kong and Okajima, 

2016). Those photoreceptor families can be separated into two different groups, the ones 

forming dimers (hetero- or homodimers), and the ones which cage a part of the photoreceptor. 

For instance, the LOV2 domain of Avena sativa contains a carboxy-terminal a-helix (Ja-helix) 

which is bound to the core domain of LOV2. Upon photon absorption a cysteine-flavin bond is 

established between a conserved cysteine and the flavin mononucleotide (FMN) 

chromophore. This leads to structural changes and unwinding of the Ja-helix. In optogenetic 

approaches, for instance the fusion of a specific protein-tag to the Ja-helix leads to the blue 

light-induced exposure of this tag and therefore to interaction with the corresponding protein. 

The additional fusion of a DNA-binding domain to LOV2 and the fusion of a VP16 transactivator 

domain to the other protein allows blue light dependent transcriptional control (Müller et al., 

2013b). Depending on the used LOV domain the recovery time back to the dark state takes 

Fig. 4: UVR8 based optogenetic switch. UVR8 is present as a dimer in darkness. Upon illumination with UV-B 

light the homodimer dissociates and interacts with COP1. In darkness the heteromeric complex dissociates, 
leading to homodimerization of UVR8. 

COP1

COP1UVR8

UVR8

COP1

COP1

280 nm

dark

UVR8
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seconds to days (Harper et al., 2004; Nakasone et al., 2010; Strickland et al., 2010; Müller et 

al., 2014) (Fig. 5).  

Homodimerizing examples of blue light photoreceptors are EL222 or VVD. EL222 is a 

photosensitive transcription factor from the bacterium Erythrobacter litoralis (Baaske et al., 

2018). This transcription factor contains a LOV domain with a helix-turn-helix (HTH) DNA-

binding domain. In the dark, LOV binds with the HTH domain, circumventing HTH induced 

dimerization. Upon blue light illumination the interaction of LOV and HTH is disrupted and the 

transcription factor homodimerizes and can bind at its specific cognate DNA-sequence. This 

dimerization is spontaneously interrupted in dark deactivating DNA-binding (Baaske et al., 

2018). For instance, in one optogenetic approach the homodimerization of EL222 was used to 

inhibit transcriptional activity. Therefore, EL222 was fused to a human-derived repressor 

domain and the cognate DNA-binding sequence of EL222 was placed in front of the regulated 

gene (Nash et al., 2011; Zoltowski and Gardner, 2011; Rivera-Cancel et al., 2012; Motta-Mena 

et al., 2014; Baaske et al., 2018). VVD from Neurospora crassa is also a homodimerizing blue 

light photoreceptor. Quite similar to EL222, VVD homodimerizes upon blue light illumination. 

A site-directed mutagenesis of residues in the homodimer interface increased the dimerization 

efficiency for the applicability in synthetic approaches (Nihongaki et al., 2014; Salinas et al., 

2018) (Fig. 5).  

FKF1 is an example of a LOV-domain containing photoreceptor that heterodimerizes. In planta, 

FKF1 is involved in the day-regulation of a flowering locus. It can interact upon blue light 

illumination with several interaction partners such as gigantea (GI) or zeitlupe (ZTL) to regulate 

gene expression. The fusion of FKF1 to a DNA-binding domain and the fusion of a 

transactivator to GI, gives the possibility to regulate transcriptional activity by blue light, which 

is an example of the engineering of this photoreceptor as an optogenetic tool (Song et al., 

2014; Quejada et al., 2017) (Fig. 5).  

Another blue light induced photoreceptor that heterodimerizes is cryptochrome 2 (Cry2) from 

A. thaliana. Cry2 can interact upon blue light illumination with the cryptochrome-interacting 

bHLH 1 protein (CIB1). Similar to other blue light photoreceptors that heterodimerizes, the 

interaction of Cry2 and CIB was utilized in an optogenetic approach for light-induced 

transcriptional regulation. The half-life time of Cry2 in the dark is ~12 min (Liu et al., 2008; 

Kennedy et al., 2010; Pathak et al., 2014). Additionally, Cry2 clusters in nuclear bodies in 

nature (Yu et al., 2009). This blue light-induced oligomerization of Cry2 opened an additional 

application possibility of this switch (Taslimi et al., 2014; Hörner et al., 2018) (Fig. 5).  

Photoactivated adenylyl cyclases (PACs) are natural blue light-regulated enzymes. PACs like 

euPAC from Euglena gracilis consist of subunits containing repeats of BLUF (blue light 

receptor using FAD) and two adenylyl cyclase-domains. The workgroup of Stierl et al. found a 

much smaller variant of dimeric PAC in Beggiatoa (bPAC) consisting of a single BLUF- and an 
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adenylyl cyclase-domain (Schröder-Lang et al., 2007; Stierl et al., 2011). Upon photon 

absorption by BLUF, the adenylyl cyclase is activated and generates cAMP and is therefore 

an important tool for signal activation for example in neuroscience (Zhang and Tzanakakis, 

2017) (Fig. 5).  

One opsin that occurs in mammalian cells is Melanopsin. Melanopsin is a member of the G 

protein-coupled receptor superfamily and a blue light-activatable transmembrane 

photoreceptor. In the presence of the retinal chromophores 9-cis-retinal or 11-cis-retinal it 

absorbs photons. It requires high intensities of light of wavelengths between 420 and 480 nm, 

which leads to a photoisomerization of the chromophore into its all-trans conformation. Those 

photoreceptors are commonly expressed intrinsically in photosensitive retinal ganglion cells 

(ipRGCs). Because of its stable association with all-trans retinal, Melanopsin is unique among 

mammalian photopigments (Hankins et al., 2008). The induced conformational changes confer 

Gaq-type G-protein-mediated Ca2+ transport by phospholipase C (PLC). This Ca2+ transport 

enables downstream signaling pathways of protein kinase C (PKC) (Melyan et al., 2005; Beyer 

et al., 2015c; Spoida et al., 2016) (Fig. 5).  

 

 

 

 

Fig. 5: Examples for blue light responsive photoreceptors used as switches in mammalian cells. Dronpa 

tetramer dissociate after illumination with blue-light and loses fluorescence. LOV2 unwinds its core-bound Ja-helix 

upon blue light illumination. EL222, VVD and CRY2 are able to form homodimers while FKF1/GI and CRY2/CIB 
form heterodimers upon illumination. Photon absorption of bPAC leads to an active adenylyl cyclase and cAMP 

production. Melanopsin activates the G-coupled receptor pathway which opens an ion channel upon blue light 

illumination. See text for detailed explanations and references of the receptor properties.  
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Green light 

The bacterial B12-dependent photoreceptor CarH, found in Myxococcus xanthus, was 

established as the first green light dependent light switch in model organisms, such as plants 

and mammalian cells (Cervantes and Murillo, 2002; Chatelle et al., 2018). 
The monomeric apoprotein CarH binds in coenzyme B12 and forms tetramers in the dark. 

Those tetramers bind to their cognate operator DNA sequence (CarO) and repress 

transcription of downstream genes. Illumination with green light (between 478 nm – 509 nm) 

triggers dissociation of the tetramer followed by decreased binding affinity to the DNA and 

therefore transcription induced. (Ortiz-Guerrero et al., 2011; Tabor et al., 2011; Kutta et al., 

2015). This green light-induced dissociation was used to engineer a green-off system. 

Therefore, a repressor domain was fused to CarH, which leads to transcriptional inhibition in 

the dark and dissociation in green light followed by transcriptional activity (Fig. 6). 

 

 

Red light 

Phytochromes are photoreceptors which can capture red and/or far-red light. For instance, A. 

thaliana has five different phytochromes able to sense red and far-red light (phytochrome A - 

E) (Clack et al., 1994). While phytochrome A and B are, as far as known, the physiologically 

most relevant proteins in red light-signaling pathways, phytochrome B is the best studied, 

characterized and used member of phytochromes in synthetic biology. In nature, plant 

phytochromes as for instance PhyA and PhyB tend to dimerize. They consist of two conserved 

modules, the photosensory core module (PCM) including an N-terminal extension (NTE), a 

PAS domain (Per-Arnt-Sim), a GAF domain (cGMP-stimulated phosphodiesterase, adenylyl 

CarH

AdoB12
525 nm

dark

Photolysed CarH

Fig. 6: Example of a green light responsive photoreceptor. In dark CarH binds the chromophore AdoB12 and 

forms tetramers which are able to bind to their cognate DNA sequence. Upon illumination with green light AdoB12 
gets photolysed and the tetramer dissociates (adapted from Chatelle et al., 2018). 
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cyclase, FhlA) which is necessary for covalently chromophore binding and a Phy domain 

(phytochrome specific). The C-terminal output module (OPM) includes two PAS domains and 

a HKRD (histidine kinase-related domain) (Vierstra, 1993; Li et al., 2011; Burgie and Vierstra, 

2014) (Fig. 7 A). As covalently bound chromophores plant phytochromes utilize the linear 

tetrapyrrole (bilin), phytochromobilin (PQB) or phycocyanobilin (PCB). Phytochromes are 

synthesized in their inactive Pr form (Li et al., 2011). In the presence of the chromophore and 

upon red light-illumination (660 nm) the chromophore isomerizes from the Z to the E state 

which leads to a conformational change of the phytochrome and results in the active Pfr form 

(Remberg et al., 1999; Gyula et al., 2003). The active, Pfr form of phytochromes interacts with 

other proteins like transcription factors to regulate light-signaling pathways (Ni et al., 1999; 

Kircher et al., 2002; Lau and Deng, 2012). Conversely, irradiation with far-red light (740 nm) 

reverts the phytochrome back to its inactive Pr form (Andres et al., 2019). Since the absorption 

spectra of both forms overlap partially, an interconvertible, dynamic photo equilibrium is 

created depending on the wavelength (Rockwell et al., 2006). Additionally, the active Pfr form 

can revert light-independent via thermal relaxation (dark reversion) to its Pr form (Klose et al., 

2015). Phys are involved in germination processes, seedling development and shade 

avoidance response (Casal, 2013). The red light-dependent translocation to the nucleus of the 

Pfr form of PhyB is therefore essential for biological responses. In vitro studies showed that 

the transport of PhyB depends on the interaction with transport-helper protein phytochrome 

interaction factor 3 (PIF3) (Pfeiffer et al., 2012). These results were verified using mammalian 

cells as an orthogonal platform (Beyer et al., 2015b). Based on the light-dependent interaction 

between PhyB and PIF3 or PIF6, several synthetic canonical light-switches were developed 

(Müller et al., 2013a; Toettcher et al., 2013; Müller et al., 2014; Wend et al., 2014; Beyer et al., 

2015b) (Fig. 7 B). In contrast, PhyA (the exclusive photoreceptor for sensing and transducing 

far-red light-signals) is involved in the de-etiolation of seedlings and in high irradiance 

responses (Yanovsky et al., 1997; Shinomura et al., 2000; Quail, 2002). The PhyA protein is 

light-labile, whereas PhyB to PhyE are more light-stable (Hirschfeld et al., 1998; Hennig et al., 

1999; Leivar et al., 2008b). Similar to PhyB, PhyA needs transport-helper proteins. Far-red 

elongated hypocotyl 1 (FHY1) and FHY1-like (FHL) interact red light-dependent with PhyA 

mediating the nuclear transport. Once transported to the nucleus, PhyA needs a second 

photon of far-red light to dissociate the interaction with FHY1 and FHL and be able to interact 

with transcription factors for biological light responses for this it needs to absorb red light again 

(Hiltbrunner et al., 2006; Genoud et al., 2008). While for PhyB several interactions partners 

were discovered, including components of the circadian clock like CCA1, TOC1 or ELF3, the 

role of PhyA is still unknown (Yeom et al., 2014).  

Bathyphytochromes or bacteriophytochromes, utilize biliverdin (BV) as a chromophore which 

is abundant in mammalian cells as an intermediate in heme biosynthesis (Consiglieri et al., 
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2019). One example for them is the far-red light-sensing photoreceptor BphP1 from 

Rhodopseudomonas palustris. BphP1 can, upon illumination with far-red light (740 – 780 nm), 

interact with the transcriptional repressor PpsR2 (Kojadinovic et al., 2008; Kaberniuk et al., 

2016). In contrast to plant phytochromes, BphP1 cannot switch complete back to the inactive 

Pfr form with 636 nm illumination, probably because of its overlapping Pr and Pfr spectra at 

this wavelength. However, BphP1 has a dark relaxation half-life time of 900 s (Kaberniuk et 

al., 2016) (Fig. 7 B).  

For applications in mammalian cells and higher organisms, phytochromes are particularly 

interesting because of the deep tissue penetration, the active switch ability between two 

conformations and the orthogonal usage.  
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1.3 Plant transcription factors and regulators 

Transcription is a strongly regulated process controlled mainly by transcription factors (TFs) or 

regulators that specify the spatial and temporal expression of eukaryotic genes. TFs are 

defined as sequence specific DNA-binding proteins regulating the initiation of transcription 

which are involved in different cell processes and pathways, from development to 

environmental adaptation (Brkljacic and Grotewold, 2017; Franco-Zorrilla and Solano, 2017). 

For instance, A. thaliana has ~2,000 TFs, separated in different TF super-families and most 

likely additional TF families remain to be identified from the ~8,000 proteins of unknown 

function (Davuluri et al., 2003; Gómez-Porras et al., 2007; Mitsuda and Ohme-Takagi, 2009; 

Brkljacic and Grotewold, 2017). These TF super-families include domains such as AP2 (ERF 

proteins), basic helix-loop-helix (bHLH; PIF proteins), bZIP and LFY (Fernández-Calvo et al., 

2011; Chang et al., 2013; Weirauch et al., 2014; Mathelier et al., 2016; Franco-Zorrilla and 

Solano, 2017). Some families are explained further. 

 

1.3.1 Phytochrome interacting factors (PIFs) 

Phytochrome interacting factors (PIFs) belong to the bHLH superfamily of transcription factors 

(Toledo-Ortiz et al., 2003). The bHLH domain is essential for the specific DNA-binding to the 

G-PBE-box DNA motif (CACGTG, CACATG) to fulfill transcriptional regulation (Leivar and 

Quail, 2011). Additionally, they contain a weakly conserved N-terminal active phytochrome-B 

binding (APB) motif which is sufficient for PhyB Pfr binding and/or an active phytochrome-A 

binding (APA) motif which is necessary for binding of PhyA Pfr (Leivar and Quail, 2011; Lee 

and Choi, 2017). This binding is necessary for the phytochrome dependent light response such 

as seed germination, seedling photomorphogenesis, shade avoidance responses and leaf 

senescence (Lee and Choi, 2017). In A. thaliana eight family members of PIF (PIF1 - 8) exist 

and promote gene expression while they also appear in homo- and heterodimers with other 

proteins for transcriptional regulation (Fig. 8 A) (Martínez-García et al., 2000; Leivar and Quail, 

2011; Pham et al., 2018).  

Fig. 7:Structure and examples for Red-light responsive photoreceptors used in optogenetic switches. A) 
Schematic domain structure of phytochrome A and B. Abbreviations: GAF (cGMP-stimulated phosphodiesterase); 

HKRD (histidine kinase-related domain); NTE (N-terminal extension); OPM (output module); PAS (Per (period 
circadian protein), Arnt (Ah receptor nuclear translocator protein), Sim (single-minded protein)); PCM 

(photosensory core module); PHY (phytochrome) (adapted from Li et al., 2011). B) Red-light responsive 

photoreceptor switches. Phytochrome B (PhyB) utilizes PFB or PCB as chromophore and changes its 

conformation upon red-light illumination. This leads to a heteromeric interaction with PIF. This interaction can be 
actively dissociated via illumination with far-red light. BphP1 utilizes biliverdin (BV) as chromophore and changes 

its conformation after far-red light absorption. This provides the interaction with PpsR2. Via illumination with red-

light the photoreceptor switches back to its inactive form, leading to the dissociation of PpsR2.  
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PIF3 for instance, contains both phytochrome binding domains (APB & APA). Depending on 

the light conditions and in response to the interaction with either PhyA or PhyB, PIF3 regulates 

various physiological processes positively or negatively (Kim, 2003). Additionally, several 

studies showed, in vitro and in vivo, that PIF3 induces the nuclear transport of PhyB (Pfeiffer 

et al., 2012; Beyer et al., 2015b). Furthermore, PIF3 is removed from promoters of specific 

target genes by interacting with the phytochrome Pfr form, thereby transcription initiation is 

downregulated. Additionally, PhyA and -B Pfr forms intensify phosphorylation and 

polyubiquitination to diminish the repression of photomorphogenic signaling (Al-Sady et al., 

2006; Park et al., 2012; Ni et al., 2014). This phytochrome dependent phosphorylation of PIF 

promotes 26S-proteasome mediated degradation. Half-life time dependent similarities were 

found for PIF1, 4 and 5 (Bauer et al., 2004; Lee et al., 2004; Al-Sady et al., 2006; Shen et al., 

2008). Especially for this PIF-quartet (PIF1, 3, 4, 5), reports revealed a strong binding affinity 

to the G-PBE-box DNA motif (Martínez-García et al., 2000; Zhang et al., 2013). A. thaliana 

mutants lacking multiple PIFs from this quartet showed increased photomorphogenic 

development (Leivar et al., 2008a; Zhang et al., 2013) (Fig. 8 A&B).  

PIF1 is a negative regulator of seedling de-etiolation by inhibiting chlorophyll biosynthesis, 

suppressing hypocotyl elongation and negative gravitropism of hypocotyls (Huq et al., 2004; 

Shen et al., 2005). Similar to PIF3, PIF1 interacts light-dependent via its APB or APA domains 

with PhyA and PhyB Pfr forms which promotes PIF1 phosphorylation and the following 26S-

proteasome mediated degradation (Shen et al., 2005) (Fig. 8 A&B).  

PIF2 (PIL1, recently renamed by Lee and Choi, 2017) is suggested to play a role as a positive 

regulator in photomorphogenesis. Reports revealed a physical interaction with PhyB and 

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) in an antagonistic manner (Luo et al., 

2014). Additionally, PIF2 showed a suppression of the transcriptional activity of the PIF-quartet 

(PIF1, 3, 4, 5) together with LONG HYPOCOTYL IN FAR-RED1 (HFR1) (Luo et al., 2014). The 

26S-proteasome mediated degradation of PIF2 depends on the interaction with COP1 instead 

of PhyB, suggesting an antagonistic mechanism of light to regulate transcriptional activity of 

bHLH transcription factors (Luo et al., 2014) (Fig. 8 B).  

PIF4 and PIF5 are selectively involved in the PhyB light signaling pathway, regulating 

hypocotyl elongation, leaf senescence and shade avoidance (Lorrain et al., 2007; Leivar and 

Quail, 2011). These proteins are rapidly degraded by PhyB in response to high R/FR light ratio. 

Furthermore, both transcription factors are positive regulators of the shade avoidance 

response promoting shade-dependent auxin responses (Iglesias et al., 2018). Together with 

PIF1 and PIF3 these transcription factors can build a PIF-quartet to regulate cellular processes 

such as seedling skotomorphogenesis (Khanna et al., 2004; Leivar and Quail, 2011; Zhang et 

al., 2013). 
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The bHLH TF PIF6 has two alternative splicing variants, the a-form is the full-length version 

and the b-form, which has a different splicing of exon 3 leading to the loss of the bHLH domain. 

Surprisingly, only overexpression of PIF6-b leads to reduced seed dormancy suggesting the 

requirement of this splicing variant for the regulation of dormancy (Penfield et al., 2010). Similar 

to all other PIFs, PIF6 contains an APB domain for the interaction with the PhyB Pfr form. In 

contrast to other PIFs, interaction between PIF6 and PhyB inhibit the thermal relaxation of 

PhyB from its Pfr to its Pr form (Khanna et al., 2004; Penfield et al., 2010; Smith et al., 2017) 

(Fig. 8 B).  

The light-stable protein PIF7 is implicated in various regulatory processes such as shade 

avoidance, seedling de-etiolation and circadian rhythm (Leivar et al., 2008a; Kidokoro et al., 

2009; Huang et al., 2018). In contrast to other PIF proteins, PIF7 exhibits no evidence of phy-

induced phosphorylation and the following degradation (Leivar et al., 2008a). On the contrary, 

activity of PIF7 is controlled by rapid de-phosphorylation in response to shade, which leads to 

shade avoidance responses (Li et al., 2012; Mizuno et al., 2015; de Wit et al., 2015; Huang et 

al., 2018). This shade response is delayed by other proteins that bind actively to PIF7 such as 

14-3-3 proteins (Huang et al., 2018) (Fig. 8 B). 

PIF8 is not well described yet, but the evidence of binding to PhyB and the presence of 

conserved domains (APB and bHLH) suggest the possibility that PIF8 participates at least in 

some of the red light responses (Leivar and Quail, 2011; Jeong and Choi, 2013). 

Additionally, PIFs are involved in several developmental processes via crosstalk with plant 

hormone signaling pathways as those of gibberellins (GA), ethylene, abscisic acid (ABA) and 

jasmonates (JA).  

 
 

APB APA bHLHPIF1/3
A

PIF4
PIF5

PIF3

PIF1

PIF6
PIF2
PIF8
PIF7

B
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The deeper analysis of PIF proteins regarding their interaction with phytochromes and further 

analysis of the APB domain would expand our knowledge of functional phytochrome binding 

and binding affinities depending on conserved regions within the APB domain. In this work, 

ligh-dependent phytochrome:PIF interaction studies in mammalian cells as an orthogonal 

platform were addressed. Furthermore, this platform was used to analyze the smallest 

conserved region inside of the APB domain, that is sufficient for the interaction with the 

phytochrome Pfr form, for differences in the binding affinity of PIF1, 3, 6. 

 

1.3.2 Ethylene response factors (ERFs) 

Ethylene is a gaseous plant hormone which induces in etiolated seedlings a response of short, 

thickened hypocotyl and a root with an exaggerated apical hook (Jeong et al., 2016). 

Synthesized from methionine, ethylene binds and inhibits ethylene receptors to stabilize the 

transcription factors ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1 (EIL1). This 

stabilized transcription factors regulate then various downstream targets such as ETHYLENE 

RESPONSE FACTORs (ERFs) (Adams and Yang, 1979; Chao et al., 1997; Solano et al., 

1998; Jeong et al., 2016). ERFs contain a conserved DNA-binding domain and belong to the 

AP2 transcription factor superfamily (Ohme-Takagi and Shinshi, 1995). With over 120 

members the ERF family is the most prevalent representative family of the AP2 super family 

(Rao et al., 2015). However, as described above, PIFs are involved in several phytohormone 

signaling pathways and as reported PIF3 and PIF4 highly overlap in regulation with a set of 

target genes of EIN3 suggesting a transcriptional co-regulatory effect in ethylene response 

(Jeong et al., 2016). Furthermore, a direct physical interaction of PhyB with EIN3 and the 

resulting degradation of EIN3 via enhancement of the E3-ligase EBF1/EBF2 shows the light-

triggered termination of ethylene signaling as an integral part of initiating the de-etiolation 

switch (Shi et al., 2016). Nevertheless, most of the integration of phytochrome mediated light-

signaling in ethylene signaling is still unknown (Yang and Li, 2017). Especially, to discover the 

regulation and function of most of the ERFs is worth investigating further research. For 

instance, ERF family subgroup I-b contains ERF55-60 and the function of these genes is at 

this time still unknown (Nakano et al., 2006). However, characteristic for these proteins are 

four domains of unknown function (CMI-1 - 4) (Zhang and Li, 2018). ERF6 is involved in various 

stress responses, such as the pathogen defense or osmotic stress response and belongs to 

Fig. 8: The PIF-subfamily of basic helix-loop-helix (bHLH) transcription factors. A) Schematic PIF1/3 

structure. The highly conserved binding sites for photoactivated phyB (APB) and phyA (APA) are necessary for 

the light dependent interaction. The bHLH domain, which defines this class of transcription factors, is necessary 
for dimerization and DNA-binding of the protein to its cognate DNA sequence (CACGTG). B) The PIF-subfamily 

of A. thaliana bHLH family demonstrating the phylogeny and domain structures. (adapted from Leivar and Quail, 

2011). 
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the ERF subgroup IX (Nakano et al., 2006; Moffat et al., 2012; Van den Broeck et al., 2017). 

In this protein, domains of importance were identified such as an acidic region in the N-

terminus and a putative MAP kinase phosphorylation site in the C-terminus designated as 

CMIX-5 motif (Nakano et al., 2006).  

 

Due to the large number of processes mediated by ethylene response and the interfering 

proteins involved in such processes, studying and understanding the direct influence of light 

on ethylene signaling is particularly difficult to analyze in planta. In this work a minimal system, 

based on the red light split transcription factor system was used to study the light-dependent 

direct physical interaction between phytochrome A and ERFs in mammalian cells as 

orthogonal platform. 

 

1.3.3 Jasmonate and JASMONATE-ZIM-DOMAINs (JAZs) 

One important group of phytohormones includes jasmonic acid and its derivatives, termed 

jasmonates (JAs) with a multitude of roles in physiological processes such as growth, 

photosynthesis and reactions to the environment upon several abiotic and biotic stress 

conditions (Creelman and Mullet, 1997; Pauwels and Goossens, 2011). Most prominently, JAs 

activate defense mechanisms during biotic and abiotic stress, as they are essential for the 

production of secondary defense metabolites (Ballaré, 2011; Goossens et al., 2016). JAs are 

chemically closely mirror prostaglandins that mediate inflammatory response in animals 

(Hamberg and Gardner, 1992) and they are synthesized from polyunsaturated fatty acids from 

chloroplast membranes (Delker et al., 2006; Yan et al., 2007). Further processing leads to the 

final bioactive form of JA-Ile which is generated by the jasmonoyl-isoleucin synthase 

JASMONATE RESISTENT1 (JAR1) (Staswick and Tiryaki, 2004; Leon-Reyes et al., 2010; 

Sheard et al., 2010; Wasternack and Strnad, 2016). The response mechanism of JAs is quite 

similar to the one of other phytohormones. JA-Ile binds to the F-box protein CORONATINE 

INSENSITIVE1 (in A. thaliana COI1) and interacts with other proteins from the JAZ family 

(Feys et al., 1994; Chini et al., 2007; Okada et al., 2015). These JAZ proteins bind together 

with JA-Ile to the SCFCOI1 receptor complex and become ubiquitinated and consequently 

degraded by the 26S-proteasome (Chini et al., 2007; Farmer, 2007; Thines et al., 2007). JAZ 

proteins are the predominantly negative regulators of JA signaling and possess a conserved 

TIFY motif inside of the ZINC-FINGER EXPRESSED IN FLUORESCENCE (ZIM) domain. This 

domain is necessary for the formation of hetero- and homodimers and the recruitment of 

negative regulators such as TOPLESS (TPL) via the adapter protein NINJA (NOVEL 

INTERACTOR OF JAZ) (VANHOLME et al., 2007; Chung and Howe, 2009; Wager and 

Browse, 2012). Additionally, every JAZ protein contains a C-terminal JA-associated (Jas) or 

Jas-like domain for binding the COI1 receptor or TFs and regulators in downstream signaling 
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(Sheard et al., 2010). In A. thaliana thirteen genes encoding JAZs (JAZ1-13), including JAZ13, 

an atypical JAZ protein lacking the TIFY motif, have been identified as regulators in the JA 

signaling (Thireault et al., 2015). While JAZ7, 8 and 13 lack the conserved amino acids 

necessary for binding COI1, all other JAZs are able to bind COI1 in a JA-Ile dependent manner 

(Pauwels and Goossens, 2011; Thireault et al., 2015). In addition, one study has shown that 

JAZ7, -8 and -13 have the ability to recruit TPL and repress the JA response via their ERF-

associated amphiphilic repression (EAR) motif representing a possible negative feedback 

control or an essential fine-tuning mechanism (Campos et al., 2014; Thatcher et al., 2016). 

Alternative splicing events described for several JAZs increases the complexity of JA signaling 

indicating a fine-tuning mechanism (Campos et al., 2014; Chini et al., 2016). A crosstalk of 

phy-dependent light-signaling and JA signaling was shown in previous studies. For instance, 

Campos et al. could show, that decreased levels of the active PhyB form (Pfr), resulting from 

either a phyB mutation or shade conditions, compromise JA mediated resistance to a broad 

spectrum of biotic attackers (Casal, 2013; Campos et al., 2014). Additionally, one report 

showed that a JAZ-mediated interference with the DELLA-PIF interaction leads to modulation 

in plant growth suggesting an integration of light-signaling in the JA signaling pathway (Yang 

et al., 2012). Moreover, the transcriptional response of various genes involved in JA-dependent 

defense and resistance is impaired in phyA cry1 cry2 A. thaliana triple mutants. This indicates 

that the effects are not just results of different light conditions (Cagnola et al., 2018).  

 

Even though the crosstalk of light-signaling and JA signaling is known, the precise influence 

and direct regulation of proteins is still undiscovered. While the analysis of pathway regulations 

and protein:protein interactions is particularly difficult in plants, the use of mammalian cells as 

orthogonal platform to study minimal systems provides advantages. In contrast to plants, 

studies in mammalian cells are possible with reduced complexity and without disturbing 

endogenous proteins. This allows the analysis of the interaction of plant proteins without any 

co-factors in a robust, quantitative platform. In this work, a system based on the red light-

induced split transcription factor system was used to analyze physical light-dependent protein 

interactions between the main phytochromes, PhyA and PhyB, and all typical JAZ proteins 

(JAZ1-12) to show a direct light regulation of the main JA pathway transcription factors. 
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1.3.4 Further A.thaliana transcription factors and potential phytochrome interaction 

partners 

Beside the mentioned big transcription factor families, a variety of transcription factors and 

regulators are equally interesting in case of crosstalk’s with the light signaling pathway. As 

described above, FHY1 and FHL are essential for the nuclear transport of phytochrome A and 

therefore for the PhyA-dependent light signaling. Both proteins contain a nuclear localization 

signal (NLS), a nuclear export signal (NES) and septin-related domain (SRD), which promotes 

hetero- and homodimerization (Zhou et al., 2005). Although the shared identity is below 30 %, 

they show high similarity in their function and act as functional homologs. One example for the 

complementing functionality was shown by the workgroup of Zhou et al., 2005, where the 

overexpression of FHL successfully rescued the FHY1 deficient mutant (Zhou et al., 2005; 

Genoud et al., 2008). While FHY1 and FHL are commonly described as PhyA nuclear 

transporters, they also regulate downstream signaling by recruiting other transcription factors 

(Zhou et al., 2005; Yang et al., 2009).  

The formation of nuclear bodies (NB) of PhyB is induced by interactions with proteins such as 

PIF3. The formation of NBs is promoted by PHOTOPERIODIC CONTROL OF HYPOCOTYL 

1 (PCH1) and PCH1-LIKE (PCHL) proteins. They prevent the thermal relaxation of PhyB and 

they are indicated as parts of a memory prior illumination (Huang et al., 2016; Enderle et al., 

2017). Additionally, it has been shown that PCH1 is upregulated through an interaction with 

the N-terminus of COP1, which is a key player in the UVR8 response and connects the red 

light signaling with the UVB-light signaling (Oravecz et al., 2006; Favory et al., 2009).  

COP1 acts in the visible light spectrum as a negative regulator for photoreceptors, but in the 

UVB-light pathway, it is functional as positive regulator and interacts with UVR8 (Oravecz et 

al., 2006). Furthermore, COP1 can function as a E3 ubiquitin ligase, requiring the accessory 

of PHYTOCHROME A-105 (SPA1-4) proteins. Together with the kinase-like domain-CC-

WD40 proteins, COP1 forms a tetrameric complex containing two COP and two SPA proteins 

to repress photomorphogenesis (Martínez et al., 2018). Photoreceptors such as PhyA, PhyB 

and Cry2 are also target substrates for COP1/SPA1 mediated ubiquitination and degradation. 

In contrast, light inhibits the activity of the COP1/SPA1 complex by dissociation through direct 

PhyA, PhyB and Cry1/2 interaction (Lu et al., 2015; Sheerin et al., 2015). Interestingly, the 

direct interaction of PhyA and the COP1/SPA1 complex depends on the phosphorylation state 

of PhyA. Only phosphorylated PhyA binds to the COP1/SPA1 complex, following by PhyA 

degradation while unphosphorylated PhyA has a higher binding affinity to FHY1 and FHL and 

promotes nuclear accumulation (Saijo et al., 2008; Martínez et al., 2018).  

The influence of light signaling in the circadian clock of plants is known but not completely 

understood, especially the regulation of flowering via the light-dependent interaction of PhyA 

and PhyB with PIF3 by clock-dependent and clock-independent mechanisms (Martínez-García 
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et al., 2000; Leivar and Quail, 2011; Li et al., 2016a). One clock-dependent mechanism is the 

interaction of PhyB and the circadian clock transcription factor EARLY FLOWERING3 (ELF3) 

in A. thaliana (Reed et al., 2000). Furthermore, the circadian clock contains multiple 

transcriptional feedback loops where the integration of light signaling is still unknown (Sanchez 

and Yanovsky, 2013; Hsu and Harmer, 2014; McClung, 2014; Shim and Imaizumi, 2015; Li et 

al., 2016b). In those feedback loops, CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE 

ELONGATED HYPOCOTYL (LHY) repress the transcription of TIMING of CAB 

EXPRESSION1 (TOC1). TOC1 represses transcription of CCA1 and LHY (Huang et al., 2012). 

CCA1 and LHY also repress transcription of ELF3, ELF4, LUX ARRHYTHMO (LUX), TOC1 

and GIGANTEA (GI) (Li et al., 2016b). Except from TOC1, all positively regulate the expression 

of CCA1 and LHY (Hazen et al., 2005; Kikis et al., 2005; Onai and Ishiura, 2005; Kamioka et 

al., 2016; Li et al., 2016b). However, information about the influence of the circadian clock on 

photoperiodic flowering, cold response and freezing tolerance are still limited (Chow et al., 

2014). Identified in an Arabidopsis transcriptome profiling as cold-responsive genes, COLD-

REGULATED GENE27 (COR27) and COR28 have been shown to be circadian clock 

regulated (Fowler and Thomashow, 2002; Mikkelsen and Thomashow, 2009). While the 

biological function is unknown, Li et al. could show downregulated transcription of COR27 an 

COR28 when Arabidopsis seedlings where illuminated with either red- or blue light suggesting 

that both proteins are regulated by temperature and light (Li et al., 2016b). A direct interaction 

could be observed with the circadian clock protein CCA1 proposing that they are key 

components connecting light and temperature signals and circadian clock (Li et al., 2016b).  

The proteins NOT9a – c are involved in the CCR4-NOT complex in plants, which is a key 

player in eukaryotic gene expression (Collart, 2016; Arae et al., 2019). The CCR4-NOT 

complex, also containing NOT1 as a scaffold protein, determines the length of the poly-A tail 

of mRNAs (Tucker et al., 2002; Chen and Shyu, 2011). Orthologs of the CCR4-NOT complex 

have been identified in mammalian cells, including human and mouse cell derived cells (Arae 

et al., 2019). Additionally, Arae et al., identified various orthologs in planta but the complete 

composition and regulation of the CCR4-NOT complex is largely unknown (Arae et al., 2019). 

Furthermore, the workgroup of Andreas Hiltbrunner showed a direct interaction of NOT9b with 

PhyA in a yeast two hybrid screening (unpublished data) suggesting an integration of light 

signaling into the CCR4-NOT complex in A. thaliana.  

In this yeast two hybrid screen, one protein termed in this work OPA (ONLY with 

PHYTOCHROME A) (AT1G48770) showed a light-dependent interaction with phytochrome A 

suggesting a biological function in the light signaling pathway. Nevertheless, until now this 

protein was described as hypothetical protein with a domain of unknown function (DUF1639). 
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Taken together the knowledge about the integration of light signaling into other signaling 

pathways is limited and not well understood. To get deeper insights into the light-dependent 

regulation of such pathways we analyzed the physical light-dependent interaction of 

phytochromes and the described proteins in an orthogonal mammalian cell-based system. In 

this work a light-regulated gene expression system was established and developed based on 

the discovered integration of light into another signaling pathway. 

 

1.4 The application of light-switches  

During the last years, various optogenetic switches, introduced above, were implemented in 

mammalian cells to study for instance signaling pathways, protein localization and cell-cell 

contact. Examples of these approaches are summarized in Table 1.  

The control of cellular gene expression for several purposes was taken under the control of 

light. This control can be achieved with UV, blue, green and red / far-red light and the generally 

fused split-transcription factors which are reconstituted via illumination and the induced 

dimerization of the fused photoreceptors. The UV-system based on UVR8 and COP1 

demonstrated high inductions of expression levels upon illumination. However, UVB light 

produces cytotoxic effects and therefore the intensity of UVB light has to be carefully adjusted 

(Crefcoeur et al., 2013; Müller et al., 2013b). Transgene expression systems were published 

for almost all blue light receptors mentioned before. For instance, the small LOV2 domain of 

Avena sativa was engineered as a tunable, light-controlled interacting protein tag (TULIP) for 

blue light-induced protein interactions (Strickland et al., 2012). Based on this interaction, a 

gene expression system was developed (Müller et al., 2014). The dimerization-based gene 

expression system of the bacterial EL222 domain was successfully developed for blue light-

induced gene expression and induced inhibition of transcription (Motta-Mena et al., 2014; 

Baaske et al., 2018). Although the published gene expression system based on the interaction 

of FKF1 and GI (1.173 aa) is very large, it showed consistent induction of gene expression 

also in mammalian cells and was optimized throughout the years (Yazawa et al., 2009; Polstein 

and Gersbach, 2012; Quejada et al., 2017). The VVD system is one of the smallest systems 

and was one of the first light-regulated gene expression system in mammalian cells (Wang et 

al., 2012). Recently, a new optimized version of VVD, termed FUN-LOV, was published with 

increased induction up to 1300x fold in yeast (Salinas et al., 2018). Since the Cry2 

homodimerization system was used for regulating kinase activity and the Cry2/CIB1 system 

was published as a tool for genome editing by blue light-induced CRISPR/Cas9, it is getting 

more prominent (Nihongaki et al., 2015). Gene expression systems based on the blue light-

induced interaction between Cry2 and CIB1 were developed already in 2013 (Konermann et 

al., 2013) and used for various gene expression systems. Last year, an upgrade for the 
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chemical inducible tetracycline system based on Cry2/CIB1 was published, comparable to the 

LOV2-based upgrade published 2014 (Müller et al., 2014; Yamada et al., 2018). The bacterial 

cobalamin dependent carH based green light-switch, is the first green light-induced gene 

expression system in plants as well in mammalian cells (Chatelle et al., 2018). While the 

system is actually a green off system, it is able to regulate expression by forming tetramers, 

binding to the DNA, which are dissociated upon illumination with green light. Red and far-red 

light systems have some advantages compared to their wavelength counterparts as these 

wavelengths. Red and far-red light have a deeper tissue penetration and are less cytotoxic 

than any other wavelengths. Additionally, systems based on these wavelengths have the ability 

to be actively deactivated. For instance, the red light PhyB/PIF system was developed as gene 

expression toggle switches in yeast, plants and mammalian cells (Hughes et al., 2012; Müller 

et al., 2013a; Ochoa-Fernandez et al., 2016). Furthermore, this system was engineered and 

used for the activation of cell signaling approaches and light-dependent protein localization 

with a high spatiotemporal resolution (Levskaya et al., 2009; Toettcher et al., 2011; Beyer et 

al., 2015c). To study signaling pathways, a phytochrome B based opto-SOS system for 

activation and investigation of Ras signaling by recruitment of a Ras guanine nucleotide 

exchange factor domain (SOScat) via illumination with red light, was published (Toettcher et 

al., 2013). Since PQB or PCB is not naturally available in eukaryotes like mammalian cells, the 

chromophore has to be supplemented exogenously for the PhyB-based system, to be 

functional. To overcome this limitation, systems based on bacterial phytochromes such as 

BphP1 were developed. These systems utilize as chromophore the endogenously available 

biliverdin and the emission wavelength is in the far-red region of the spectra (740 nm) 

(Kaberniuk et al., 2016). In addition to the gene expression system, BphP1 was published for 

far-red light-dependent functional protein localization processes (Redchuk et al., 2017). 

Further outstanding examples in the field of optogenetic switches include the reports on motor 

protein gearshifting via blue light (Nakamura et al., 2014). The authors used LOV2 domains 

and their Ja-heilx to regulate the speed and the direction of myosin and kinesin motor proteins. 

The spatiotemporal control of these proteins allows dynamic control of analyte transport in 

microfabricated devices in single cells (Nakamura et al., 2014). The light-dependent control of 

protein degradation was shown by constructing a LOV2 domain with fused degron, to allow 

proteasomal degradation of the LOV2 domain and the fused protein of interest upon blue light 

illumination (Bonger et al., 2014; Beyer et al., 2015b; Sun et al., 2017; Taxis, 2017; Baaske et 

al., 2018). Additionally, the combinability of the optogenetic systems was demonstrated in the 

last years. The combination of the PhyB/PIF system, the LOV2/ePDZ system and the 

UVR8/COP1 system allows multichromatic control of transgene expression of three different 

proteins at the same time (Müller et al., 2013b; Müller et al., 2014). Moreover, the combination 

of the LOV2-degron system and the EL222-KRAB system with a protein of interest (POI) leads 
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to a nearly complete downregulation of POI activity upon blue light illumination (Baaske et al., 

2018). Therefore, the LOV2-degron protein was fused to the POI while the transcription of this 

fusion protein can be regulated by the EL222-KRAB repressor protein. This allows the 

downregulation of protein levels by regulation of transcription and protein stability at the same 

time via blue light (Baaske et al., 2018). Additionally, control over programmed cell death 

induced by pro-apoptotic proteins was achieved with this system (Fischbach et al., 2019a, 

Appendix 7.1). 

 
Table 1: Examples of optogenetic approaches taking advantage of photoreceptors and switches 
described above. 

Switch Application Reference 

 
UVR8/COP1 

 
gene expression 

 
(Crefcoeur et al., 2013; Müller et al., 

2013b)  

UVR8/UVR8 protein secretion (Chen et al., 2013) 

 hydrogel formation (Zhang et al., 2015) 

 

 

cytokinin release (Sarris et al., 2016) 

cPAC cAMP production (Blain-Hartung et al., 2018) 

bPAC cAMP production (Stierl et al., 2011) 

LOV2 nuclease protection (Strickland et al., 2008) 

 cell signaling (Wu et al., 2009) 

 gene expression (Müller et al., 2014) 

 apoptosis (Smart et al., 2017) 

 cell migration (Guo et al., 2012) 

 actin formation (Rao et al., 2013) 

 protein stability (Bonger et al., 2014; Sun et al., 

2017; Taxis, 2017; Baaske et al., 

2018) 

 receptor activation (Schmidt et al., 2014) 

 nuclear localization (Niopek et al., 2014; Guntas et al., 

2015; Yumerefendi et al., 2015; 

Niopek et al., 2016; Wehler et al., 

2016) 

 transport protein control (Nakamura et al., 2014) 

 ion channel (Cosentino et al., 2015) 

 peroxisomal transport (Spiltoir et al., 2016) 
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 post-translational control (Jones et al., 2016) 

 kinase activity (Gehrig et al., 2017) 

EL222 gene expression (Motta-Mena et al., 2014; 

Jayaraman et al., 2016; Baaske et 

al., 2018) 

FKF1/GI gene expression  (Yazawa et al., 2009; Polstein and 

Gersbach, 2012; Quejada et al., 

2017) 

 protein localization (Yazawa et al., 2009) 

 organelle tethering (Shi et al., 2018) 

VVD gene expression (Wang et al., 2012; Müller et al., 

2013b; Salinas et al., 2018) 

 receptor activation  (Grusch et al., 2014) 

 cell-to-cell communication (Isomura et al., 2017; Isomura and 

Kageyama, 2018) 

 genome editing (Nihongaki et al., 2015) 

 protein localization (Kawano et al., 2015) 

Cry2/CIB1 

 

gene expression  (Konermann et al., 2013; Pathak et 

al., 2017; Quejada et al., 2017; 

Yamada et al., 2018) 

 receptor activation (Bugaj et al., 2015) 

 kinase activity (Wend et al., 2014) 

 cell signaling (Ye et al., 2011; Bugaj et al., 2013; 

Lee et al., 2014; Chatelle et al., 

2016) 

 protein localization (Kennedy et al., 2010) 

 cell differentiation (Polstein et al., 2017) 

 genome editing (Nihongaki et al., 2015) 

 transport protein control (Duan et al., 2015) 

 apoptosis (Hughes et al., 2015) 

 DNA-methylation (Choudhury et al., 2016) 

 kinase activity (Mühlhäuser et al., 2017) 

Cry2/Cry2 kinase acitivity (Wend et al., 2014) 

 protein clustering  (Park et al., 2017) 

Dronpa cell signaling (Zhou et al., 2012) 

 protein localization (Zhou et al., 2012) 

 protein hydrogel (Lyu et al., 2017) 
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CarH gene expression  (Chatelle et al., 2018) 

PhyA/FHY1 or FHL gene expression  (Sorokina et al., 2009) 

PhyB/PIF3 or PIF6 gene expression  (Shimizu-Sato et al., 2002; Müller et 

al., 2013a; Ochoa-Fernandez et al., 

2016) 

 protein localization (Levskaya et al., 2009; Toettcher et 

al., 2011; Beyer et al., 2015b; 

Adrian et al., 2017) 

 cell signaling (Toettcher et al., 2011; Toettcher et 

al., 2013; Yu et al., 2016; Goglia et 

al., 2017; Yousefi et al., 2019) 

 viral infectivity (Gomez et al., 2016) 

BphP1/PpsR2 gene expression  (Kaberniuk et al., 2016) 

 protein localization (Redchuk et al., 2017) 
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2 Aims 
 
This work illustrates the use of synthetic biology approaches to engineer, develop and optimize 

optogenetic tools in mammalian cells for in vivo applicability and to control cellular processes, 

e.g. gene expression and viability. Additionally, this work addresses the screening and 

studying of potential phytochrome interactors and therefore their integration into plant light 

signaling pathways, with optogenetic tools in an orthogonal mammalian cells-based platform. 

This work focuses primarily on the following aims: 

 

1. Optimization of the PhyB-based red light split transcription factor system for the 

applicability in in vivo situations. For this aim, the red light system was re-designed, 

truncated PIF variants were analyzed for their binding affinities to decrease the size of 

the system and a viral delivery system for the red light tool was established for use in 

neuronal-like cells.  

 

2. Screening of potential phytochrome interactors and reconstruction of plant light 

signaling pathways. Towards this aim, the re-designed red light system was used to 

analyze and screen the light-dependent interaction of phytochrome A and B with 

various A. thaliana transcription factors to show integration of phytochrome signaling 

in such pathways in an orthogonal platform. Based on these results a novel PhyA-

based red-light system was established showing the connection between basic 

research and applied optogenetics. 

 
 

3. Blue light-induced protein knockout and endogenous mRNA targeting. Towards this 

aim tools to knockout protein levels in mammalian cells targeting transcription, mRNA 

or protein stability were developed. One optogenetic tool targeting transcription and 

protein stability and one targeting the mRNA level of protein based on CRISPR/Cas 

were engineered. In addition, the applicability was shown for programmed cell death 

and cell cycle control.  
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3 Results and Discussion 
The following sections detail the most relevant data obtained during the studies and practical 

work of the Ph.D. thesis in context of the aims above. A more detailed description of most of 

the data can be found in the Appendix: Publications, Manuscripts. 

 

3.1 Engineering of a red light toggle switch for in vivo application 

and screening of potential phytochrome interactors 

 

3.1.1 New generation phytochrome B-based split transcription factor system 

Light inducible transgene expression systems represent a cornerstone technology in synthetic 

biology and optogenetics. In contrast to its chemically inducible counterparts light has various 

advantages such as reversibility, reduced toxicity, high spatiotemporal resolution and 

minimized invasiveness. Especially the red light-inducible split transcription factor system 

based on the interaction of A. thaliana PhyB and PIF6 enables deeper tissue penetration 

because of its activation wavelength, compared with e.g. blue light systems (Kaberniuk et al., 

2016). In addition, the system can be actively switched off by illumination with far-red light 

which is an advantage compared with blue or UV-B light systems (Müller et al., 2013a). While 

it was demonstrated that this system was applied to several mammalian cell lines, plants and 

yeast, a mammalian in vivo applicability is still missing (Müller et al., 2013a; Pathak et al., 

2014; Ochoa-Fernandez et al., 2016). The applicability in vivo, implicates further modifications 

and optimizations of the system, for instance the need of tissue specific promoters and size 

limitations in transfection vectors. Additionally, this system has been used as a quantitative 

mammalian-based screening platform for interaction analysis of PIF variants and novel light-

dependent phytochrome interactors, which needs the replacement of one or more modules by 

the protein of interest in the system. Since, the published PhyB-based system was constructed 

without specific restriction sites, an easy exchange of parts of the system were not possible. 

Therefore, we aimed to reconstruct and optimize the PhyB-based system for i) easy 

exchangeability, ii) applicability for in vivo use and iii) novel interaction studies with PhyA/B 

quantitatively. To engineer the PhyB system for an in vivo application and to use it for light-

dependent interaction studies, the first step was to redesign the basic PhyB construct to make 

it customizable, which allows easy replace of needed and optimized modules. The basic 

published bicistronic construct contains, PhyB1-650 fused to the trans activator virus protein 16 

(VP16) under the control of a constitutive SV40 promoter, followed by an internal ribosomal 

entry site (IRES) which separates the tetracycline repressor (tetR) fused to PIF61-100 and a 

poly-A sequence (Fig. 9 A). The basic reporter construct used for the red light-induced toggle 



Results and Discussion 
 

31 

switch comprises tetO13 in front of a synthetic minimal promoter (PCMVmin), followed by the 

human secreted alkaline phosphatase (SEAP) as a reporter (Müller et al., 2013a). In an 

experimental setup, upon red light illumination and available chromophore, PhyB1-650 switches 

to its active Pfr form and interacts with PIF61-100 which is fused with the tetR protein bound to 

the DNA upstream of the synthetic minimal promoter. The interaction leads to a close proximity 

of the PhyB1-650-VP16 fusion and induces transcription of the SEAP reporter (Fig. 9 B). 

Illumination with far-red light leads to dissociation of the interaction between PhyB and PIF6 

and stops the transcription. To allow an easy exchange of every part, we reengineered the 

whole construct including specific unique restriction recognition sites between every module. 

For the specific exchange of the promoter a NheI and a SpeI restriction site were inserted. 

Since for in vivo applications, a tissue specific promoter such as hSynapsin or CamIIka in 

neuronal cells is often necessary, the easy replaceability in such a system should be assured. 

For the replacement of PhyB1-650 by shorter or mutated variants and other phytochromes, an 

EcoRV restriction site was implemented into the construct. While the tetR-based optoswitch is 

functional in mammalian cells in cell culture, there is a possibility that it is not functional in in 

vivo situations. To be prepared for such a situation we inserted a NotI and BsrGI restriction 

site to create an exchangeable tetR module for potential replacements of the DNA binding 

protein. Additionally, to have the ability to substitute PIF61-100 by smaller versions for limited 

size in vivo situations, potential interaction partners or other proteins, an AscI restriction site 

was introduced (Fig. 9 A). With the similar strategy for the red light-inducible system, we 

wanted to construct the reporter plasmid as modular as possible. Therefore, restrictions sites 

AatII and NheI were implemented to allow the replacement of the thirteen repeats of the 

tetracycline operon (tetO13) by possible other operon sequences, fitting to the counterparts 

used in the red light-system. To provide a high flexibility in the choice of reporter genes we 

inserted EcoRI and HindIII recognition sites, in front and behind the reporter gene for the 

secreted embryonic alkaline phosphatase (SEAP), that allows quantitative determinations. As 

a normalization element we chose the secreted Gaussia luciferase (Gluc) constitutively 

expressed from an SV40 promoter in a second ORF cloned directly after the poly-A sequence 

of the first ORF. Restriction sites EcoRV and NotI were added for replaceability of the 

normalization element by other reporter genes such as fluorophores (Fig. 9 A). 

Since normalization elements and constitutive controls are necessary to analyze transfection 

efficiency, expression differences and potential toxicity, we decided to add a constitutively 

expressed reporter (Wend et al., 2013; Baaske et al., 2018).  

With these modifications, we constructed a fully customizable red light split transcription factor 

system with a ratiometric constitutively expressed normalization element for corrections of 

differences in transfection efficiency and expression levels. Additionally, the optimized system 

indicated higher induction folds in transfected CHO-K1 cells as the published basic system 
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(Fig. 9 C). After normalization, the new reporter construct showed higher relative expression 

levels, albeit the induction fold suffers from higher basal levels and therefore increased 

leakiness (Fig. 9 D). This results probably from the higher transfection efficiency of the reduced 

number of constructs, which leads to a higher overall expression level. Similar constructs with 

different constitutive reporter genes yielded similar results (data not shown). However, this 

new system allows the interaction analysis of two proteins of interest, which can be easily 

introduced. Furthermore, this system was engineered to optimize the red light system further 

for the applicability in vivo in view of size, tightness and delivery. 
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3.1.2 Repurposing of light-regulated PhyB/PIF interaction  

 

This chapter is based on the collaborative work with David Golonka (AG Möglich, University of 

Bayreuth) presented in Golonka et al., 2019 (accepted) in Appendix Original studies and 

protocols 7.1. 

 

Optogenetic approaches to date mostly employ the first 650 amino acids of PhyB containing 

the PCM and the N-terminal 100 amino acids of PIF3 (PIF3.100) or 6 (PIF6.100) constituting 

the APB domain (see 1.3.1) (Müller et al., 2013a; Beyer et al., 2015c). Quantitative data on 

the interaction strength or the underlying sequence determinants are missing. In view of getting 

deeper knowledge and quantitative data about the interaction of PhyB and PIF for future in 

vivo applications we constructed numerous derivates of the N-term region of PIF1,3 and 6. 

The aim was to find shorter PIF variants, to save space in the system with a higher dynamic 

range, decreased leakiness or higher activation of expression in view of in vivo applicability. 

Therefore, interaction studies with different approaches were necessary and hence the 

Fig. 9: Design, optimization and validation of the newly generated red light-inducible split transcription 
factor system. A) Configuration of the modular red light-inducible split transcription factor system. The PhyB-

PIF6 system is encoded on a bicistronic expression vector under the control of the constitutive SV40 promoter. 
PhyB1-650 is C-terminally fused to a VP16 trans activator domain with an NLS sequence. PIF61-100 is N-terminally 

fused to the tetracycline repressor tetR and separated by an internal ribosome entry site (IRES) for induced 

translation from one mRNA. Specific restriction recognition sites were inserted as indicated for a fully 
exchangeable and customizable design. The inducible reporter construct contains thirteen repeats of a tetR 

specific operator sequence (tetO13) in front of a minimal CMV promoter. As readout, the secreted alkaline 

phosphatase (SEAP) lies downstream of the minimal promoter. In a second ORF, the secreted Gaussia luciferase 
was under the control of a constitutive SV40 promoter. Similar to the PhyB/PIF6 construct, all parts were inserted 

with restriction sites for a modular design. B) Mode of function. In presence of the chromophore PCB and upon 

illumination with red light (660 nm), PhyB1-650 fused the VP16 changes its conformation and interacts with PIF61-

100 which is bound to the DNA via the fused tetR. The resulting close proximity of the VP16 trans activator and the 

minimal promoter induces recruitment of the transcriptional machinery and therefore expression of the SEAP 

reporter. Illumination with far-red light (740 nm) triggers dissociation from PIF61-100, thereby resulting in de-
activation of the transcription of SEAP. As normalization element the secreted Gaussia luciferase is expressed 

constitutively in a second ORF (adapted from Müller et al., 2013). C&D) Validation of the reporter construct. CHO-

K1 cells were transfected with the new generation PhyB system (pPF001) and either the published reporter 

(pKM006; Müller et al., 2013) together with a plasmid expressing Renilla luciferase consitutively or the new 
reporter with Gaussia as a normalization element on one construct (pPF034). Transfected cells were illuminated 

with 20 µmol m-2 s-1 red light or kept in dark for 24 h. SEAP expression was determined and normalized to the 

constitutive expression of the luciferase. Black and red bars indicate the mean of the absolute and normalized 

SEAP expression ± standard error of the mean for n = 4 under dark and red conditions. The numbers above the 

red bars indicate the induction fold between dark and red light conditions. 
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optimization of the PhyB-based system we could easily replace PIF61-100 by truncated PIF 

variants and analyze their light-dependent interaction with PhyB1-650 quantitatively. 

A multiple sequence alignment of the APB region of PIF1-8 showed two highly conserved 

regions, termed A and B. The APB.A region showed stronger conservation and consists of 20 

amino acid residues around the core sequence ELXXXXGQ. The APB.B region is shorter and 

less conserved compared to APB.A (Fig. 10 A). Based on the reference PIF3.100, PIF6.100 

and additional PIF1.100 various derivates were constructed, starting with a deletion of non-

conserved N-terminal residues (Px; x = 1,3 or 6). The interaction of all variants was first 

analyzed by David Golonka (AG Möglich, Uni Bayreuth) using an interaction assay in bacterial 

lysate which depends on the stabilization of PhyB due to PIF binding and retardation of the 

thermal reversion to the Pr form (Smith et al., 2017). Since all of this truncated PIF variants 

retained interaction we interrogated the linkage between the APB.A and APB.B parts which 

has a heterogenous length and sequence across PIF1-8. For this reason,  constructed variants 

including i) linkers shortened by 10 residues at their N and C termini (Px.L1 and Px.L2); ii) 

linker substituted by the corresponding segment of PIF1, the shortest linker among all PIFs 

(Px.LP1); and iii) a synthetic linker consisting of a repetitive glycine-serine stretch of 10 

residues (Px.LS). All these variants still interacted with PhyB1-650 in a light-dependent manner 

implying that the linker is not necessary for this interaction (Golonka et al., 2019; Appendix 

7.1). Therefore, Px.fus variants with linked APB.A and APB.B parts were constructed exhibiting 

still interaction with PhyB in the in vitro assay. To check if the interaction depends on a specific 

topology of the APB parts, Px.BA and Px.BAfus with inverted order and removed linker region 

were used. Additionally, to probe which APB motif is necessary for the interaction with PhyB 

we generated only APB.A and only APB.B motif containing constructs with and without the 

respective half of the linker (Px.A, Px.As, Px.B, Px.Bs) (Fig. 10 B). However, the APB.A 

containing variants showed interaction with PhyB while both APB.B containing variants 

exhibited no interaction. Duplication of the APB.A motif, Px.AA and Px.AAfus, preserved 

interactions with PhyB, and vice versa, duplication of APB.B, Px.BB and Px.BBfus failed to 

restore the interaction in the in vitro assay (Golonka et al., 2019; Appendix 7.1). For further 

analysis of the APB.A part, truncations of residues flanking the ELXXXXGQ core sequence 

were characterized (Px.A19, Px.A14, Px.A8) (Fig. 10 B). 
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For quantitative analysis, verification of in vitro results and optogenetic applicability the 

described customizable modular red light-inducible system was used (see 3.1.1). In view for 

in vivo applications, the tetR split-transcription factor was replaced by an erythromycin-based 

system (E-protein and eight repeats of the DNA sequence etr8) (Fig. 11 A). PIF61-100 was easily 

substituted by the different PIF variants and analyzed for light-depending interaction in CHO-

K1 cells regarding the modular system. The reference constructs, P1.100, P3.100 and P6.100 

induced normalized SEAP expression by 3-fold, 10-fold and 4-fold upon red light illumination 

(Fig. 11 B). The comparatively lower induction of P1.100 and P6.100 results from the 

substantial basal SEAP expression level. This suggests a light-independent binding in 

darkness as regulatory function. After the proof of functionality of the reference constructs, all 

variants described above and tested in the in vitro binding assays, were then characterized in 

our system. Consistent with the binding assays, PIF variants containing a functional APB.A 

motif were capable to induce SEAP expression upon red light illumination, even though to 

Fig. 10: Structure and composition of PIFs and truncated thereof. A) Modular composition of PIFs. The N-

terminal segment with around 100 residues contains the APB domain which is necessary for the interaction with 
phytochrome B. Additionally PIF1 and 3 contain an APA domain for interaction with phytochrome A. The APB motif 

can be further subdivided into APB.A and APB.B parts. On the C-terminus all PIFs contain a bHLH DNA binding 

domain. B) Generated PIF variants. Based on the N-terminal APB domain, PIF variants and truncations of PIF1,3 
and 6 were generated and tested for light-dependent interaction with the PCM of phytochrome B. Adapted from 

Golonka et al., 2019. 
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different degrees. Whereas PIF variants with a truncated APB.A motif or only containing the 

APB.B variant showed no detectable light-dependent induction of SEAP expression, 

consistent with the in vitro measurements (Fig. 11 B). For instance, P6.A showed the highest 

induction among all variants, ca. 44-fold, again suggesting a regulatory effect of the linker 

region. Duplication of the APB.A motif resulted in increased total expression levels in almost 

all variants, but also a higher basal activity in darkness (Fig. 11, “P6.A”). For instance, P6.AA 

showed an almost doubled SEAP expression compared to the variant containing the single 

APB.A motif but in contrast only an induction of 7-fold compared to the activity in darkness 

(Fig. 11, “P6.AA”). This higher SEAP expression could reflect the binding of two PhyB-VP16 

fusion proteins to one Px.AA protein. Although, further studies in size-exclusion 

chromatography (SEC) analysis done by David Golonka (AG Möglich, Uni Bayreuth) did not 

show an evidence for simultaneous binding. Interestingly, all variants containing the remaining 

N-terminal part of the linker region showed decreased or no induction of expression. Maybe, 

this truncation results in structural changes, such as inadequate folding events of the PIF 

variants inhibiting the interaction with PhyB. Since some of the PIF variants showed a higher 

binding affinity or tighter induction of expression, we were curious if the interaction with this 

variant is still reversible. Therefore, based on Müller et al., 2013, ON-OFF experiments to show 

reversibility of all variants were performed (Müller et al., 2013a). All generated PIF variants 

showed reversibility of induced SEAP expression after illumination 24 h with far-red light after 

the induction with red-light (Fig. 12). 
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In conclusion, we were able to acquire insights into the light-regulated protein:protein 

interaction between PhyB and PIFs, which underpin diverse adaptive responses in planta and 

various applications in optogenetics, including in vivo use. We implemented several 

approaches, such as interaction assay in bacterial lysate (David Golonka), SEC (David 

Golonka) and the described above reporter assays in mammalian cells (Golonka et al., 2019, 

Appendix 7.1), which result in qualitative and quantitative validation of this protein:protein 

interaction. Our results indicate a regulatory effect of the linker region inside of the APB domain 

and therefore a probably important regulatory basal binding of PIF6 to PhyB in darkness. 

However, temperature changes have an influence on the protein:protein interaction and may 

hence lead to unexpected PhyB Pfr-form binding (Legris et al., 2016; Smith et al., 2017).  

In summary and in view of the optogenetic applicability, we have constructed and 

characterized a toolkit of novel PIF variants interacting with PhyB in a light-dependent manner 

with varying strength. The knowledge about the interaction strength can be important by 

choosing the right system for an application. We consider having a set of PIFs with known 

interaction strengths and varying properties is an advantage for the optogenetic toolbox and 

the red light-inducible split transcription factor system. Especially the variant P6.A with only 25 

amino acids in length and a reduced basal activity, shows the advantages we wanted for further 

in vivo application and a further optimization of the red light system. Furthermore, we 

demonstrated the red light split transcription factor system as a platform for quantitative 

interaction studies in an orthogonal mammalian cell-based platform.  

Fig. 11: Utilizing PIF variants for the light dependent regulation of gene expression in mammalian cells. A) 
Schematic overview of the used constructs. Due to the customizable new generation red-light inducible split 

transcription factor construct, tetR and tetO13 were easily replaced by the erythromycin derived E-protein and eight 
repeats of its cognate DNA operator sequence (etr8). Additionally, PIF61-100 was replaced by generated PIF 

variants to analyze their light dependent interaction with phyB. B) Results of the light dependent protein:protein 

interaction between generated PIF variants and phytochrome B. CHO-K1 cells were transfected with the new 
generation PhyB system containing the indicated PIF variant (PIF1, 3 or 6) and the new reporter construct with 

Gaussia as a normalization element (pPF034). Transfected cells were illuminated with 20 µmol m-2 s-1 red-light or 

kept in the dark for 24 h. SEAP expression was determined and normalized to the constitutive expression of the 

Gaussia luciferase. Black and red bars indicate the mean of the normalized SEAP expression ± standard error of 

the mean for n = 4 under dark and red-light conditions. The numbers above the red bars indicate the induction fold 

between dark and red-light conditions. Adapted from Golonka et al., 2019. 
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3.1.3 A novel PhyA-based red light-inducible split transcription factor system 

This chapter is based on the collaborative work with the workgroup of Andreas Hiltbrunner 

(University of Freiburg) and David Golonka and Andreas Möglich (University of Bayreuth) 

presented in Fischbach et al., 2019b (in preparation) in Appendix Original studies and 

protocols 7.1. 

 

3.1.3.1 Integration of red light signaling of phytochrome A and B into other pathways 

via direct physical interaction 

As described in chapter 1.3, phytochromes are integrated in a variety of signaling pathways, 

such as phytohormone regulatory networks or the circadian clock (Casal, 2013; Sanchez and 

Yanovsky, 2013; Lee and Choi, 2017; Yang and Li, 2017). Even though a set of interactions 

with phytochromes were already demonstrated, showing integration in such pathways, an 

analysis in plants is particularly difficult because of genetic redundancy, influence of 

endogenous proteins and crosstalk events. Therefore, we decided to analyze the interaction 

of potential interactors, involved in several regulatory networks, with phytochrome A and B 

using the red light-inducible split transcription factor system in mammalian cells as an 

orthogonal platform. Compared to other interactions assays the mammalian-based platform 

benefits from i) relatively low costs, ii) highly quantitative results and iii) an in vivo comparable 

situation. By using the red light inducible split transcription factor system in mammalian cells, 

we get quantitative relevant information about the interaction of plant proteins in a minimal 

system without co-factors or other disturbing proteins. With these results we are able to 

reconstruct signaling pathways quantitatively in small pieces. Furthermore, we targeted the 

discovery of new light-dependent interactions for optogenetical applications to extend the 

optogenetic toolbox, since the PhyB-based system is the only red light-dependent toggle 

switch used in various organisms so far.  

Towards these aims we generated a set of constructs containing a potential phytochrome 

interactor by replacing PIF61-100. Additionally, to check potential integration of PhyA into other 

Fig. 12: Reversibility of the protein:protein interaction of the PIF variants. Results of the ON-OFF 

protein:protein interaction between generated PIF variants and phytochrome B. CHO-K1 cells were transfected 

with the new generation PhyB system containing the indicated PIF variant (PIF1, 3 or 6) and the new reporter 
construct with Gaussia as a normalization element (pPF034). Transfected cells were illuminated with 20 µmol m-2 

s-1 red-light or kept in the dark for 24 h. After sample preparation transfected cells were either kept in the dark or 

illuminated with 20 µmol m-2 s-1 far-red light for further 24 h. SEAP expression was determined and normalized to 
the constitutive expression of the Gaussia luciferase and is shown relatively to the basal expression level of the 

associated dark sample. Black, red and dark-red bars indicate the mean of the normalized SEAP expression ± 

standard error of the mean for n = 4 under dark, red- and far-red-light conditions. The numbers above the red bars 

indicate the induction fold change between dark and red-light conditions. Adapted from Golonka et al., 2019. 
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plant pathways, we replaced in the construct PhyB1-650 with the PhyA or PhyB full-length gene. 

To demonstrate the functionality of the system as a screening platform we analyzed first the 

light-dependent interaction of full-length PIF1, 3-6 and 8 with PhyB. For PhyA we investigated 

the interaction with PIF1 and PIF3, since this PIFs are the only ones containing an APA domain 

for interaction with PhyA (Lee and Choi, 2017). As controls we transfected CHO-K1 cells either 

with the canonical optimized system with PhyB1-650 and PIF61-100 or the reporter construct 

alone. The results of one representative experiment are shown in Fig. 13 A. As expected, PIF1 

and PIF3 caused a light-dependent induction of SEAP expression via interaction with PhyA, 

albeit the induction of PIF1 suffered from the high basal expression level in darkness (Fig. 13 
B). Similar results could be obtained with PhyB, while it, in addition, displayed an induction of 

SEAP expression of different strengths with PIF4,6 and 8 (Fig. 13 C). The high basal activity 

of PhyB and PIF1 resulting from a regulatory effect of the linker region was already observed 

and discussed in chapter 3.1.2. Interestingly, the interaction with PhyA demonstrated the same 

basal activity, suggesting a similar regulatory structure in the containing APA domain. In 

summary, we demonstrated that the system works as a screening platform for potential 

interactors of phytochromes. However, the lacking physical interaction between PhyB and 

PIF5 could be a result of a structural inhibition provided by the N-terminally fused tetracycline 

repressor, because the light-dependent interaction was already shown (Shen et al., 2007) (Fig. 
13 C). Another possibility is the existence of an indirect interaction with PhyB over another PIF 

protein, because PIF5 is part of the PIF-quartet multiprotein complex consisting PIF1,3,4 and 

5 (Leivar and Quail, 2011; Iglesias et al., 2018). For future perspectives, the change of the 

fusion order and the co-expression of potential interactors of PhyB and PIF5, functional as 

adapter proteins, could lead to the expected induction of expression with PIF5 and result in 

better knowledge about the interaction composition of the PIF-quartet.  
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Next, we tested proteins of the ethylene response family for their interaction with PhyA. While 

an integration of PhyB into the ethylene response pathway via PIFs was already shown (Jeong 

et al., 2016), knowledge about an integration of PhyA and an interaction with family members 

such as ERFs is missing. Similar to the experimental setup before, we exchanged PIF61-100 in 

the construct by ERF6 and 55-60, and analyzed the light-dependent interaction in CHO-K1 

cells. Representative control data for the following screening results are demonstrated in Fig. 
13 A. A light-dependent induction of SEAP expression of 5-fold was detectable for ERF058 

(Fig. 14). Additionally, ERF056 showed a slight induction of expression, albeit the total 

expression level was low. All other tested ERFs showed no or a slight induction of SEAP 

expression suggesting no physical interaction or a light-independent interaction with PhyA, 

indicating that further analysis of these interactions is needed, starting with changing the 

protein fusion order (Fig. 14). With these results, we demonstrated for the first time an 

integration of light-labile PhyA into the ethylene response pathway. It has been shown that 

ERF058 is involved in transcriptional regulation of chloroplast peroxidases needed for the 

enzymatic inactivation of hydrogen peroxide generated during photosynthesis (Rudnik et al., 

2017). This indicates a parallel light-dependent regulation of peroxidases during 

photosynthesis via PhyA.  

 

Fig. 13: Functionality of the system as a screening platform and interaction of phytochromes with PIFs. A) 
Representative result of the red light-inducible split transcription factor system controls for all following red-light 

system-based experiments. B) + C) Light-dependent interaction analysis of PIFs and phytochrome A and B. For 
A – C: CHO-K1 cells were transfected, kept 24 h in dark and afterwards supplemented with 15 µM PCB and either 

illuminated 24h with 20 µmol m-2 s-1 red-light or kept In the dark. SEAP expression was determined. Black and red 

bars indicate the mean of SEAP expression ± standard error of the mean for n = 4 under dark and red conditions. 

The numbers above the red bars indicate the induction fold between dark and red-light conditions. 
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The influence and integration of PhyA and PhyB into the jasmonic acid signaling pathway was 

already indicated by several observations, for instance changes in transcriptional JA 

expression patterns in triple phya cry1 cry2 mutants or the interference of JAZs with the 

DELLA-PIF complex regulated by PhyB (Yang et al., 2012; Rossi et al., 2017; Cagnola et al., 

2018). However, a direct influence and physical interaction of PhyA or PhyB and JAZ proteins 

is still unknown. Studies of this integration of light into hormone signaling pathways in plants 

are particularly difficult, because of co-factors or interfering proteins also involved in such 

pathways. To overcome this limitation and to get better knowledge about the integration of light 

signaling we aimed to analyze those direct interactions in our developed red light-inducible 

split transcription factor system in CHO-K1 cells. Surprisingly, only PhyA showed a light-

dependent interaction with JAZ5 and 6 in our experiments, notwithstanding with different 

strength (Fig. 15 A). This indicates a light regulation of downstream targets via JAZ5 and 6 

and underlines the observed changes in expression patterns in the A. thaliana triple mutant 

after illumination (Rossi et al., 2017; Cagnola et al., 2018). In addition, our results suggest an 
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Fig. 14: Integration of phytochrome A into the ethylene response pathway. Light-dependent interaction 

analysis of ERF family members and PhyA. CHO-K1 cells were transfected, kept 24 h in dark and afterwards 
supplemented with 15 µM PCB and either illuminated 24h with 20 µmol m-2 s-1 red-light or kept in dark. SEAP 

expression was determined. Black and red bars indicate the mean of SEAP expression ± standard error of the 

mean for n = 4 under dark and red conditions. The numbers above the red bars indicate the induction fold between 

dark and red-light conditions. 
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indirect regulatory role of PhyB which demonstrates no direct interaction with JAZ proteins in 

our studies, over the DELLA-PIF complex (Yang et al., 2012; Campos et al., 2016) (Fig. 15 
B). Furthermore, the undetectable induction of SEAP expression could be a result of 

stereochemical interference resulting from the N-terminal fusion of the tetR protein or the 

possibility that PhyA and PhyB are able to interact with specific splicing variants of JAZ proteins 

(Chini et al., 2016). In future experiments the fusion order can be changed and different JAZ 

splicing variants can be tested easy in this quantitative interaction system. In summary, we 

have the first results supporting the hypothesis of direct integration of PhyA signaling into the 

jasmonic acid signaling pathway. Furthermore, we could show that PhyB is not directly 

interacting with JAZ proteins under the same conditions.  

 

 



Results and Discussion 
 

47 

 

PhyA
 (F

L) +
 JA

Z1 

PhyA
 (F

L) +
 JA

Z2

PhyA
 (F

L) +
 JA

Z3

PhyA
 (F

L) +
 JA

Z4

PhyA
 (F

L) +
 JA

Z5

PhyA
 (F

L) +
 JA

Z6

PhyA
 (F

L) +
 JA

Z7

PhyA
 (F

L) +
 JA

Z8

PhyA
 (F

L) +
 JA

Z9

PhyA
 (F

L) +
 JA

Z10

PhyA
 (F

L) +
 JA

Z11

PhyA
 (F

L) +
 JA

Z12
0

5

10

15

S
E

A
P 

[U
/L

]

dark

660 nm

10
x

4x

PhyB
 (F

L) +
 JA

Z1

PhyB
 (F

L) +
 JA

Z2

PhyB
 (F

L) +
 JA

Z3

PhyB
 (F

L) +
 JA

Z4

PhyB
 (F

L) +
 JA

Z5

PhyB
 (F

L) +
 JA

Z6

PhyB
 (F

L) +
 JA

Z7

PhyB
 (F

L) +
 JA

Z8

PhyB
 (F

L) +
 JA

Z10

PhyB
 (F

L) +
 JA

Z11

PhyB
 (F

L) +
 JA

Z12
0

5

10

15

SE
AP

 [U
/L

]

A 

B 

Fig. 15: Integration of phytochrome A & B into the jasmonate pathway. A) Light-dependent interaction analysis 

of JAZ family members and PhyA. B) Light-dependent interaction analysis of JAZ family members and PhyB. For 

A + B: CHO-K1 cells were transfected, kept 24 h in dark and afterwards supplemented with 15 µM PCB and either 
illuminated 24h with 20 µmol m-2 s-1 red-light or kept in dark. SEAP expression was determined. Black and red bars 

indicate the mean of SEAP expression ± standard error of the mean for n = 4 under dark and red conditions. The 

numbers above the red bars indicate the induction fold between dark and red-light conditions. 
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Besides the main hormone signaling pathways, we were also interested in the integration of 

PhyA and PhyB into A. thaliana cold response or the circadian clock. Additionally, potential 

interactors with partially unknown function, found in a yeast-two-hybrid screen (data not shown; 

workgroup A. Hiltbrunner), were analyzed for their light-dependent interaction with PhyA and 

PhyB in our red light system in CHO-K1 cells. First, we examined the interaction of PhyA with 

several proteins of the mentioned pathways. As expected, PhyA together with FHL and FHY1 

demonstrated a high induction of 11-fold or 3-fold of SEAP expression in our system (Fig. 16 
A). Since both proteins are necessary for the light-dependent nuclear transport of PhyA and 

the physical interaction was already shown, these quantitative results demonstrate the 

functionality of the system (Zhou et al., 2005; Genoud et al., 2008). Proteins involved in nuclear 

body formation such as PCH1 and PCHL showed also a light-dependent induction of reporter 

expression with PhyA by 12-or 6-fold, but a light-independent induction with PhyB (Fig. 16 A 
& B). While the interaction and stabilization of PhyB with PCH1 and PCHL is already known 

(Huang et al., 2016; Enderle et al., 2017), a light-dependent interaction of both proteins with 

PhyA suggested by our results is new. An explanation could be the integration of red light 

signaling into UV-B light signaling via COP1. Because phosphorylated PhyA can interact with 

the COP1/SPA complex which is an important complex in the UV-B signaling (Lu et al., 2015; 

Sheerin et al., 2015; Martínez et al., 2018). Furthermore, COP1 is able to interact with PCH1, 

showing the integration of PhyB into the UV-B light signaling (Favory et al., 2009). Taken 

together it is possible that the interaction of PhyA and PCH1 is an additional integration and 

regulation of the UV-B light signaling via red light. Additionally, it could be possible that this 

interaction between PhyA and PCH1 is an integration into the blue light signaling via 

cryptochromes, because Cry1 interacts with COP1 and SPA in a light dependent manner (X 

et al., 2017). This could be an indirect competitive light regulation of COP1 between red and 

blue light. Based on this, the observed missing induction of expression of PhyA and COP1 or 

SPA1 indicated in Fig. 16 A, suggests a missing third component in regulation of this proteins, 

such as PCH1. Additionally, in future experiments the stereochemical inhibition of COP1 and 

SPA1 proteins by the N-terminal fusion of tetR has to been proven, since the interaction was 

already reported in other systems (Seo et al., 2004; Sheerin et al., 2015).  

Quite high inductions were obtained in the cells transfected with constructs containing PhyA 

and COR27 or COR28 upon illumination with red light (Fig. 16 A). Similar results could be 

observed for the interaction of COR28 and PhyB, while COR27 indicated a light-independent 

activation of the reporter system (Fig. 16 B). These results imply a novel integration of light 

into temperature signaling over COR27 and COR28, whose biological function is still unknown 

but transcriptional changes by light and temperature were reported (Li et al., 2016b). Since 

COR27 and 28 are involved also in the circadian clock, we investigated the interaction of PhyB 

with various proteins involved in the circadian clock mechanism (Chow et al., 2014). It has 
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been reported that PhyB is influencing the circadian clock direct over ELF3 and indirect over 

PIF3 (Martínez-García et al., 2000; Leivar and Quail, 2011; Li et al., 2016b). Therefore, we 

analyzed the light-dependent interaction of PhyB and circadian clock proteins, for instance 

TOC1, CCA1 and LHY1 which showed no induction in our system (Fig. 16 B). Since PhyB, as 

mentioned before, is regulating some circadian clock processes indirectly via PIF3, we co-

expressed PIF3 in the same experimental setup. This co-expression led to a light-dependent 

induction of expression with all tested circadian clock proteins (Fig. 16 C). Our results show a 

novel quantitative analysis of indirect interaction via an adapter protein, such as PIF3 and 

additionally suggest an indirect regulation of TOC1, CCA1 and LHY1 via PhyB. 

NOT9 is part of the CCR4/NOT1 complex and important for post-transcriptional modifications 

such as the poly-A tail of mRNA (Tucker et al., 2002). An integration of light into the 

CCR4/NOT1 complex has been completely unknown until now. However, our results 

demonstrated a light-dependent induction of expression with NOT9b, which is predicted to 

interact directly with NOT1 (Arae et al., 2019). Interestingly, although NOT9a-c have similar 

structures and conserved amino acid regions, only NOT9b showed this light-dependent 

interaction with PhyA compared to the other tested NOT9 proteins (Fig. 16 A).  

Finally, we used our system to analyze the protein:protein interaction between PhyA and B 

and a hypothetical protein (AT1G48770), termed in this work OPA (ONLY with 

PHYTOCHROME A). Fig. 16 A displays the red light induction of SEAP expression for PhyA 

and OPA with a high dynamic range of 17-fold. Among all tested proteins OPA and COR28 

showed the highest measured dynamic range but COR28 suffered from substantial basal 

expression in darkness (Fig. 16 A). In contrast, PhyB showed no induction of expression with 

OPA at all, suggesting a phytochrome A-only binding motif (Fig. 16 A & B). Further 

experiments and characterization of this interaction are following in the next chapter of this 

work. 

In summary, we were able to show that PhyA and PhyB directly interact in different strengths, 

light-dependent or light-independently, with proteins involved in hormone signaling such as 

ethylene and jasmonate signaling, the circadian clock or cold response. This provides not only 

new knowledge about the integration of light signaling into other signaling pathways in plants, 

it also shows the applicability of the red light split transcription factor system as a quantitative, 

orthogonal screening platform for plant protein:protein interactions. In future experiments, 

further analysis of these interactions is needed to i) verify the interaction with other methods, 

ii) analyze the interaction in the changed fusion order (C-terminal) and iii) check for indirect 

regulation by third component adapter proteins such as PIF3. 
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Fig. 16: Integration of phytochrome A & B into cold response and circadian clock of A. thaliana. A) Light-

dependent interaction analysis of cold response proteins, known PhyA transporter and proteins of unknown function 

with PhyA. B) Light-dependent interaction analysis of circadian clock and cold response proteins with phyB. C) 
Analysis of light and PIF3-dependent interaction of circadian clock proteins with PhyB. For A - C: CHO-K1 cells 

were transfected, kept 24 h in dark and afterwards supplemented with 15 µM PCB and either illuminated 24h with 

20 µmol m-2 s-1 red-light or kept in dark. SEAP expression was determined. Black and red bars indicate the mean 

of SEAP expression ± standard error of the mean for n = 4 under dark and red conditions. The numbers above the 

red bars indicate the induction fold between dark and red-light conditions. 

PhyA
 (F

L) +
 FHL

PhyA
 (F

L) +
 FHY1

PhyA
 (F

L) +
 PCH1

PhyA
 (F

L) +
 PCHL

PhyA
 (F

L) +
 C

OP1

PhyA
 (F

L) +
 SPA1

PhyA
 (F

L) +
 C

OR27

PhyA
 (F

L) +
 C

OR28

PhyA
 (F

L) +
 N

OT9a

PhyA
 (F

L) +
 N

OT9b

PhyA
 (F

L) +
 N

OT9c

PhyA
 (F

L) +
 O

PA
0

10

20

30

40

50

SE
A

P 
[U

/L
]

dark
660 nm

11
x

3x

12
x

6x

14
x

17
x

2x

17
x

PhyB
 (F

L) +
 PCH1

PhyB
 (F

L) +
 PCHL

PhyB
 (F

L) +
 SPA1

PhyB
 (F

L) +
 TOC1

PhyB
 (F

L) +
 C

CA1

PhyB
 (F

L) +
 LHY1

PhyB
 (F

L) +
 C

OR27

PhyB
 (F

L) +
 C

OR28

PhyB
 (F

L) +
 O

PA
0

5

10

15

20

SE
A

P 
[U

/L
]

5x

A

B

PhyB
 (F

L) +
 TOC1 +

 PIF3

PhyB
 (F

L) +
 C

CA1 +
 PIF3

PhyB
 (F

L) +
 LHY1 +

 PIF3
0

2

4

6

8

10

SE
A

P 
[U

/L
]

3x

2x

2x

C



Results and Discussion 
 

51 

3.1.3.2 Characterization of the light-dependent PhyA:OPA interaction and 

establishment of a novel red light split transcription factor system 

 
As described above we found a novel red light-dependent PhyA:protein interaction, namely 

PhyA:OPA, during our screening of potential interactors in mammalian cells. This interaction 

showed a particularly interesting orthogonality to PhyB (Fig. 17 A). Therefore, we aimed to 

analyze this interaction further and to develop a novel red light-inducible system orthogonal to 

the PhyB based system for possible simultaneous applications. Towards this aim, we 

constructed similar to the PhyB system, truncations of PhyA and OPA to optimize the size of 

the system for possible applications in in vivo situations and to get better knowledge about 

their protein interaction domain. For this purpose, PhyA was shortened to 617 amino acids, 

including the PAS-GAF-PHY domain, and the interaction was analyzed in CHO-K1 cells, which 

resulted in a loss of SEAP expression (Fig. 17 B). OPA was separated into two parts of 90 

amino acids (N-term and C-term) with the C-terminal part containing a domain of unknown 

function (DUF1639). Surprisingly, the N-terminal part without the predicted DUF domain still 

interacts with PhyA (Fig. 17 B). Based on these results, the truncated version of OPA1-90 was 

used for further characterization. Following, we characterized the interaction further by kinetics 

and dose response experiments (Fig. 17 C and Fischbach et al., 2019b Appendix 7.1). The 

results were comparable with the ones published for the PhyB system (Müller et al., 2013a).  
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To define the binding affinity of OPA to PhyA we combined different approaches to 

characterize the interaction further. Therefore, we analyzed the interaction in a fluorescence 

anisotropy assay (described in Golonka et al., 2019, Appendix 7.1), where OPA showed a 

lower binding affinity to PhyA than PIF6 to PhyB (KD= PhyA:OPA > PhyB:PIF6 ) (Fig. 18 A). 

Since the lower binding affinity could result in a faster dissociation of the interaction of PhyA 

and OPA, we performed light pulsing experiments in CHO-K1 cells. Therefore, transfected 

cells were illuminated for 30 s, 2 min, 30 min or 24 h with 2 µmol m-2 s-1 of red light and then 

incubated 24 h in darkness to analyze the following expression patterns. Since we saw 

differences in basal levels of expression when using lower reporter concentrations (data not 

shown), we did the experiments additionally with lower concentrations of the reporter construct 

(1:10). As expected, shorter illumination time results in lower SEAP expression (Fig. 18 B). 

Surprisingly, the system demonstrated when co-transfecting with lower reporter concentrations 

no response to short pulses of red light and therefore no expression of SEAP. Only continuous 

illumination resulted in 436-fold induction of SEAP expression (Fig. 18 B). This result indicated 

that both red light-inducible systems can be combined and independently regulated via 

different reporter concentrations and illumination periods and intensities. For future 

perspectives the independent regulation of expression and translocation (translocation as 

described in Golonka et al., 2019, Appendix 7.1) via one wavelength to activate a cellular 

pathway would be an interesting analysis in mammalian cells. With this approach one could 

reduce auto-activity of light regulated expression of proteins and therefore leakiness by adding 

an additional checkpoint. Furthermore, one could use this system to regulate the expression 

Fig. 17: Characterization and engineering of the light-dependent phytochrome A:OPA interaction. A) 
Analysis of the orthogonality of the system. B) Scheme and analysis of OPA truncations and PhyA truncation. 
PhyA was truncated similar to the PhyB in the published red-light system directly after the PHY domain (PhyA1-

617) (Müller et al., 2013). OPA has a C-terminal predicted domain of unknown function (amino acids 125 – 176) 

(DUF1679). To analyze the necessity of this domain for a light dependent interaction with PhyA, OPA was cut into 
two parts (OPA1-90 and OPA91-180). For A & B: CHO-K1 cells were transfected with plasmids coding for indicated 

genes, kept 24 h in darkness and afterwards supplemented with 15 µM PCB and either illuminated 24h with 20 

µmol m-2 s-1 red-light or kept in dark. SEAP expression was determined and normalized with constitutive expressed 

Gaussia luciferase. Black and red bars indicate the mean of normalized SEAP expression ± standard error of the 

mean for n = 4 under dark and red conditions. The numbers above the red bars indicate the induction fold between 

dark and red-light conditions. C) Reversibility of the system. Cells were transfected with an inducible SEAP reporter 

plasmid with an additional Gaussia normalization element (pPF034) and a PhyA and OPA1-90 containing plasmid 
(pPF086). Transfected CHO-K1 cells were supplemented every 24 h with fresh medium containing 15 µM PCB 

and illuminated with indicated wavelengths with an intensity of 20 µmol m-2 s-1. Expression of SEAP was 

determined every 24 h. SEAP values were normalized by values from constantly red-light illuminated cells, to 

correct changes in gene expression depending on growth over time. Red and dark-red bars indicate the mean of 

normalized SEAP expression ± standard error of the mean for n = 4 under red and far-red conditions 
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of auto-active proteins before translocating them to their destination point independently with 

both orthogonal red light systems to avoid leakiness. 
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In summary, we engineered a novel red light-inducible split transcription factor system based 

on a novel discovered light-dependent interaction between phytochrome A and a protein of 

unknown function, hereafter termed OPA. We analyzed the interaction further and 

demonstrated not only an orthogonal interaction to PhyB and PIF6, we furthermore showed 

and utilized the differences in binding affinities and sensitivities. Additionally, our results 

indicated a multi-system control based on the variation of the light intensities and illumination 

time to control probably both red light systems. This demonstrates the tight linkage between 

basic research of light signaling pathways with the engineering of photoreceptor based 

optogenetic tools. Additionally, the new PhyA system shows a beneficial addition to the 

optogenetic toolbox and an important addition for the multi pathway control via one 

wavelength. 

 

3.1.4 Introducing the red light-inducible split transcription factor system via viral gene 

delivery systems in neuronal-like cells  

All results in this part were achieved in collaboration with Leonie-Alexa Koch, Institute of 

Synthetic Biology, Heinrich-Heine-University Düsseldorf. 

 

A common method to transfer our red light system into mammalian cells is the chemical DNA 

transfection, but this method is inefficient in neuronal-like cells and in vivo. In these applications 

a common method is to transfer the DNA via viral particles containing the DNA of interest. 

Therefore, we decided to transfect mammalian cells and murine neuronal-like cells with the 

viral vectors containing the red light system as a quick test and for characterization. For final 

experiments and in vivo tests, we planned transduction experiments with produced viral 

particles. To increase the gene delivery efficiency in murine Neuro2a cells and in view of 

establishing the red light-inducible system in vivo, we constructed two customizable modularly 

exchangeable lentiviral vectors containing the whole optimized red light-inducible system (Fig. 

Fig. 18: Comparison and combination of the red-light inducible split transcription factor systems. A) 
Fluorescence anisotropy analysis of PhyA:OPA and PhyB1-650:PIF61-100. Titration of 20 nM PIF61-100-EYFP / OPA-

EYFP with increasing concentrations of dark-adapted (gray) or red-light-exposed PhyB1-650 / PhyA FL (red), as 
monitored by anisotropy of the EYFP fluorescence. Data points show averages of three biological replicates. The 

red line denotes a fit to a single-site binding isotherm. Higher KD indicates lower binding affinity (Experiments 

executed by David Golonka). B) Analysis of the sensitivity of the system. CHO-K1 cells were transfected with 
indicated plasmids, kept 24 h in darkness and afterwards supplemented with 15 µM PCB and either illuminated for 

30 s, 2 min or 24 h with 2 µmol m-2 s-1 red-light or kept in dark. SEAP expression was determined and normalized 

with constitutive expressed Gaussia luciferase. Black and red bars indicate the mean of normalized SEAP 

expression ± standard error of the mean for n = 4 under dark and red conditions. The numbers above the red bars 

indicate the induction fold between dark and red-light conditions.  
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19 A). The advantage of lentiviral vectors compared to the commonly used adeno-associated 

viruses (AAVs) (Betley and Sternson, 2011; Ojala et al., 2015; Deverman et al., 2016) is the 

packaging capacity. Since the full red light-inducible split transcription factor system together 

with the reporter gene consists of three ORFs and a size of almost 10 kb, one single AAV 

coding for the complete system with a packaging capacity of 4 kb is not sufficient (Grieger and 

Samulski, 2005; Vannucci et al., 2013). Due to the low co-transduction efficiency when using 

three AAVs (Duan et al., 2001; Carvalho et al., 2017) we decided to design two lentiviral 

vectors using their increased capacity of up to 10 kb. For this aim, we optimized the system by 

decreasing the number of needed plasmids, which should lead to higher transduction efficiency 

in neuronal cells. Due to the complexity of the lentiviral construct (LTRs, RRE, size) and the 

amount of sequence repeats an easy exchange of parts of the construct was not possible. To 

overcome these limitations the system was standardized and modularized as described in 

3.1.1. The modularity of the construct led to fully-customizable modules, such as the gene of 

interest (channelrhodopsin-YFP) or the promoter (CMV). Additionally, the split transcription 

part (E/etr8) and the red light-dependent protein-interaction partner (PhyB(1-650)/PIF6(1-100)) are 

exchangeable by optimized variants or alternatives. Furthermore, the synthetic minimal 

promoter (CMVmin) and the viral trans-activator (VP16) are also exchangeable to give full 

control of the expression of the gene of interest (Fig. 19 A). To assay the functionality of the 

red light inducible system in the lentiviral vector, this vector and the mammalian expression 

vector containing the inducible synthetic minimal promoter followed by SEAP, were transfected 

into HEK293-T cells in 1:1 (w/w) ratio. After 24 hours of incubation in the dark, the cells were 

supplemented with the chromophore PCB and illuminated with 20 µmol m-2 s-1 and 660 nm 

light. The transfected cells showed a high induction of 55-fold of SEAP expression, indicating 

the functionality of the system in a lentiviral vector (Fig. 19 B). Based on this result, we 

constructed, similar to the mammalian reporter plasmid, a lentiviral vector coding 

for/comprising the inducible promoter and Channelrhodopsin fused to YFP instead of SEAP. 

To test this system also for applicability in neurons in vivo, both vectors were co-transfected in 

murine neuronal like cells (N2a) as described before. The transfected N2a cells kept in dark 

showed low or no detectable expression of YFP. In contrast, the illuminated cells showed high 

expression of Channelrhodopsin-YFP, which is localized mainly at the membrane (Fig. 19 C). 

These results show the functionality of the system transfected and expressed on a lentiviral 

vector and is the first step for the application in vivo by transducing the system into neuronal 

cells. Since the red light system is functional in lentiviral vectors, the constructed shorter PIF 

variants could be implemented to these constructs depending on their required activity. 

Additionally, analysis of the functionality of the novel red light-inducible PhyA based system in 

lentiviral vectors, would give the possibility of simultaneously controlling of two reporters with 

one wavelength in vivo.  
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In conclusion, we presented an optimized fully customizable red light-inducible split 

transcription factor system in a viral delivery system, functional in neuronal-like cells. 

Additionally, we gave insights on the interaction between PhyB and PIF while we generated a 

set of PIF variants with different binding affinities and therefore different activities, deployable 

in in vivo applications. Furthermore, we demonstrated physical interaction of different proteins 

with PhyA and B. These interactions suggest an integration of light into several cellular 

pathways and processes and based on these results we engineered an alternative red light-

inducible system, completely orthogonal to the PhyB-based system.  
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Fig. 19: Construction and validation of a red-light inducible system in a functional virus-derived gene 
delivery system. A) Configuration of the modular red-light split transcription factor in a lentiviral backbone. The 

whole new generation red-light split-transcription factor system (see 3.1.1) was inserted after the REV RESPONSE 
ELEMENT (RRE) into a lentiviral vector with containing puromycin resistance. Additionally, the inducible reporter 

was inserted in the same manner in a second lentiviral vector. PhyB1-650 is C-terminally fused to a VP16 trans 

activator domain with an NLS sequence. PIF61-100 is N-terminally fused to the erythromycin protein (E) and 
separated by an internal ribosome entry site (IRES) for translation from one mRNA. Specific restriction recognition 

sites were inserted as indicated for a fully exchangeable and customizable design. The inducible reporter construct 

comprises eight repeats of an E protein specific operator sequence (etr8) in front of a minimal CMV promoter. As 
readout, channelrhodopsin (opsin) fused to eYFP lies downstream of the minimal promoter. Similar to the 

PhyB/PIF6 construct, all parts were inserted with restrictions sites for a modular design. The inserted specific 

restriction sites were adapted to be unique in the backbone construct. B) Functionality of the lentiviral vector 
containing the red-light system. Neuro2A cells were transfected with the lentiviral vector containing the red-light 

inducible split transcription factor system and a mammalian reporter vector with SEAP as readout or with reporter 

alone (neg.control). Transfected cells were kept in dark for 24 h, supplemented with 15 µM PCB and illuminated 
24 h with 20 µmol m-2 s-1 red-light (660 nm) or kept in darkness. SEAP expression was determined. Black and red 

bars indicate the mean of SEAP expression ± standard error of the mean for n = 4 under dark and red conditions. 

The numbers above the red bars indicate the induction fold between dark and red-light conditions. C) Functionality 

of the whole gene delivery system for application in neuronal cells. Neuro2A cells were transfected with lentiviral 
vectors shown in A) containing the red-light system and the reporter with opsin-YFP fusion as readout. After 24 h 

in darkness the cells were supplemented with 15 µM PCB and illuminated 24 h with 20 µmol m-2 s-1 red-light (660 

nm) or kept in darkness. Afterwards, transfected cells were fixated and YFP fluorescence was determined under 
a confocal microscope.  
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3.2 Engineering of blue light-inducible optogenetic tools for rapid 

downregulation of protein and mRNA levels in mammalian cells 

 

3.2.1 Blue light-induced control of protein stability and transcriptional activity to 

regulate programmed cell death 

This chapter is based on the work presented in Baaske et al., 2018 and Fischbach et al., 2019a 

(accepted) in Appendix Original studies and protocols 7.1. 

 

As described above, a common approach to study the function of a protein of interest is to 

regulate the expression level or the stability of the protein. While chemical-based activation, 

repression or degradation have limitations such as toxicity, irregular spatially controlled 

distribution and limited reversibility, light-regulated systems were developed to overcome 

these limitations (Weber and Fussenegger, 2011). The optogenetic toolbox contains various 

light-inducible systems for several applications but only a few were developed for 

downregulation or destabilization of a protein (Bonger et al., 2014; Pathak et al., 2017). 

Additionally, the combination of diverse optogenetic tools in one cell for independent control of 

processes is particularly difficult and needs further analysis (Müller et al., 2013b). 

Therefore, our group developed a dual blue light-controlled system for transcriptional 

repression and simultaneous degradation of the protein of interest (Baaske et al., 2018, 

Appendix 7.1). The system consists of two switches: i) the photosensitive transcription factor 

EL222 from Erythrobacter litoralis fused to a KRAB transrepressor domain to repress 

transcriptional activity and ii) the POI fused to the blue light-induced degradation module (B-

LID) for light-dependent proteasomal degradation (Fig. 20 A). The B-LID module consists of a 

LOV2 domain of Avena sativa Phototropin I (AsLOV2) and is fused C-terminally to a RRRG 

degron. Upon blue light illumination, the Ja-helix unwinds and exposes the fused degron to 

induce proteasomal degradation of the POI-B-LID fusion protein. Additionally, this POI-B-LID 

module is under the control of a synthetic promoter comprising five repeats of the specific DNA 

target sequence of EL222-KRAB (C1205) (Fig. 20 A). Blue light illumination leads to 

homodimerization of EL222-KRAB and therefore binding via its helix-turn-helix (HTH) domain 

to the cognate DNA sequence C1205 to inhibit transcriptional activity.  
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Fig. 20: Design, validation and application of the Blue-OFF system. A) Mode of function of the Blue-OFF 

system. The SV40 promoter sequence is followed by five copies of the EL222-binding sequence (C1205). The 

photosensory transcription factor EL222 is fused to the inhibitory KRAB domain. In the dark, the KRAB-EL222 
fusion is not bound to the target sequence on the DNA and the B-LID system is inactive leading to accumulation 

of the POI. Upon blue light illumination, the Ja helix unwinds, exposing the docked degradation peptide (RRRG) 

which leads to proteasome mediated protein degradation. Simultaneously, the EL222 transcription factor dimerizes 

and binds to the C1205 sequence inhibiting transcription via the fused KRAB repressor domain. B) Validation of 
the combined regulation of transcription and post-translation. HEK-293T cells were transfected with plasmids 

containing indicated genes. Transfected cells were kept in darkness for 24 h or for 16 h in dark conditions followed 

by 8 h illumination with 20 µmol m-2 s-1 460 nm light. Firefly luciferase levels were determined and normalized to 

their dark control. Data are means ± standard error of the mean of four biological replicates. C) Control of Caspase-

induced programmed cell death. HEK-293T cells were transfected either with Casp8-ER(T2) or Casp8-ER(T2)-

Blue-OFF and form a uniform monolayer under all conditions in absence of 4-OHT. Addition of 4-OHT induces 

caspase8 and therefore cell death in darkness for Casp8-ER(T2) and Casp8-ER(T2)-Blue-OFF and under blue 
light for Casp8-ER(T2) transfected cells. Only cells transfected with Casp8-ER(T2)-Blue-OFF show a higher 

survival rate by forming a uniform monolayer comparable to the control cells in dark without 4-OHT. Adapted from 

Fischbach et al., 2019a and Baaske et al., 2018. 
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First, we evaluated the functionality of the system by the downregulation of firefly (FLuc) as a 

reporter in HEK293-T cells. Transfected cells were kept in darkness for 16 h and afterwards 

illuminated 8 h with 460 nm and 20 µmol m-2 s-1 light. Cells transfected with only with EL222-

KRAB exhibited a decrease in expression of 50 % compared to the cells kept in dark (Fig. 20 
B). Quite similar results were achieved with cells transfected only with the POI-B-LID module, 

they demonstrated 46 % of the expression of protein levels in non-illuminated cells. As 

expected, the combination of both modules showed a stronger repression down to 9 % of the 

control cells expression level (Fig. 20 B). This shows the non-linear synergistic effect of the 

two optogenetic modules. Since the system represses transcriptional activity and target protein 

degradation, there is no effect on mRNA level, meaning the remaining expression might be 

from previously synthesized RNA. However, after full characterization and development of a 

quantitative model of the Blue-OFF system (Baaske et al., 2018; Appendix 7.1), we 

implemented the system to achieve light control over apoptosis in mammalian cells. Therefore, 

we integrated the tamoxifen inducible caspase protein caspase 8 (Casp8-ER(T2)) into the 

Blue-OFF system, for blue light control of caspase stability (Cachat et al., 2017). The 

predominantly present monomer of caspase 8 is inactive, but addition of 4-hydroxytamoxifen 

(4-OHT) leads to dimerization and therefore to activation and triggering of apoptosis (Chu et 

al., 2008). HEK-293T cells transfected with caspase 8 expressing constructs demonstrated 

significant decrease in cell growth upon addition of 4-OHT in darkness and under blue light 

(Fig. 20 C). In contrast, cells transfected with a Casp8-ER(T2)-Blue-OFF module showed 

monolayer formation and normal growth under blue light, despite 4-OHT addition (Fig. 20 C). 

These results demonstrate that the Blue-OFF system can efficiently be used for optogenetic 

control of programmed cell death in mammalian cells.  

Finally, to study the control of programmed cell death further, we implemented the pro-

apoptotic proteins PUMA and BID into the Blue-OFF system. These pro-apoptotic proteins are 

targets of the transcription factor p53 keeping the balance between cell cycle arrest and cell 

death upon DNA damage or cell death insults (Nakano and Vousden, 2001; Sax et al., 2002; 

Deng, 2017). Overexpression of PUMA and BID in mammalian cells leads to cell death. 

Therefore, we aimed to regulate with the Blue-OFF system induced apoptosis by reducing the 

levels of constitutively, ectopically expressed pro-apoptotic proteins. Towards this aim, we 

transfected HEK-293T cells with the Blue-OFF system containing either PUMA or BID. 

Additionally, constitutively PUMA and BID expressing constructs with a deleted degron were 

transfected as controls. As a negative control, the basic Blue-OFF system containing FLuc 

was used (Fig. 21 A). Transfected cells were illuminated with for 48 h with 460 nm blue light 

and an intensity of 10 µmol m-2 s-1 directly after transfection or kept in darkness for 48 h. The 

illumination starts directly after transfection to avoid accumulation of pro-apoptotic proteins and 

the followed cell death. We observed that cells incubated in darkness showed a high death 
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rate indicating more apoptosis, in contrast to the control cells which formed a uniform 

monolayer (Fig. 21 B). As expected, cells transfected with the Blue-OFF system showed a 

higher survival rate when illuminated with blue light. This showed the high functionality and the 

rapid downregulation of protein levels of the Blue-OFF system. 
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Fig. 21: Control of programmed cell death. A) Schematic design of the constructed plasmids of pro-apoptotic 

proteins. Puma and BID were inserted in the Blue-OFF system, directly fused to the B-LID domain. B) Control of 

pro-apoptotic protein induced cell death. HEK-293Tcells were transfected with indicated plasmids. Transfected 
cells were illuminated for 48 h with 10 µmol m-2 s-1 460 nm blue light. Cells transfected with the control plasmid 

forming a uniform monolayer under both conditions. Constitutive expression of PUMA and BID in darkness and 

blue light and PUMA-Blue-OFF and BID-Blue-OFF in darkness leads to increased cell death. In contrast, PUMA 
and BID in the Blue-OFF system showed a higher survival rate compared to the control cells, upon blue light 

illumination. Adapted from Fischbach et al., 2019a. 
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In conclusion, we engineered and demonstrated the use of a novel Blue-OFF optogenetic 

approach for controlling protein levels. The simultaneous transcriptional and post-translational 

control of protein levels, leads to a fast and strong reduction of the protein of interest. In 

addition, these results open novel perspectives for the regulation of programmed cell death 

and further applications in basic research, such as study of carcinogenic cellular mechanisms 

or apoptotic events (Lee et al., 2004; Giotopoulou et al., 2015). Furthermore, the high 

spatiotemporal resolution might be an advantage for the establishment of cellular patterns in 

tissue engineering. Moreover, this system is applicable for in vivo applications, especially 

because it uses the endogenously available FMN (flavin mononucleotide) as a chromophore. 

However, since the Blue-OFF system is not targeting mRNA, a complete blue light-induced 

and reversible protein knock-out is still missing. This issue and an optogenetic solution for it is 

described in the next chapter. 

 

3.2.2 Development and engineering of a blue light-activated CRISPR/Cas13b 

mediated mRNA knockout (BLACKout) system 

The presented results in this part of the thesis are achieved in collaborative work with Tim 

Blomeier, Institute of Synthetic Biology, Heinrich-Heine-University Düsseldorf and based on 

Fischbach et al., 2019c (in preparation) in Appendix Original studies and protocols 7.1. 

 

As described before, common approaches to control RNA levels are usually based on the 

translational and CRISPR/Cas9 interference or knock down of miRNAs or mRNAs (Chang et 

al., 2016; Unniyampurath et al., 2016). While, light-dependent DNA cleavage CRISPR/Cas9  

tools are already developed, tools for light-dependent regulation of RNA levels are still missing 

(Vogel et al., 2017; Brooks and Gaj, 2018). Further, optogenetic tools which are able to target 

endogenous proteins are rare and needed in many in vivo applications. Additionally, as we 

demonstrated above, the regulation of mRNA levels is necessary for a rapid and reversible 

light-induced downregulation of proteins. Therefore, we aimed to develop the first light-

inducible tool for mRNA level regulation in a reversible manner with the high spatiotemporal 

resolution common for optogenetic tools with the possibility to target endogenous proteins.  

Towards this aim, we employed a CRISPR/Cas13b effector protein derived from Prevotella 

sp., which is targeting RNA instead of DNA with high precision and PAM motif independent 

(Cox et al., 2017). Based on this Cas13b protein we constructed the blue light-activated 

Cas13b induced mRNA knockout (BLACKout) system. The BLACKout system, which 

regulates the gene expression of Cas13b, consists out of four parts: i) a LOV2 domain, from 

Phototropin I of Avena sativa, hiding a specific tag on the Ja helix and N-terminally fused to a 

GAL4 DNA binding domain (Strickland et al., 2012); ii) an ePDZ domain fused to a virus derived 
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trans activator VP16 (Huang et al., 2008; Strickland et al., 2012); iii) a reporter construct with 

a synthetic minimal promoter containing GAL4 target sequence repeats upstream of the 

PspCas13b gene and iv) a construct containing the specific gRNA for the target of interest 

(Fig. 22 A). Via illumination with blue light the system turns active, the LOV2 domain exposes 

the hidden tag and interacts with the ePDZ domain. This interaction leads to a close proximity 

of the fused trans activator and the synthetic minimal promoter, inducing the transcription of 

Cas13b. Guided by the specific customizable gRNA, Cas13b is cleaving the mRNA of interest 

(Fig. 22 A). With this blue light system, we are able to indirectly control mRNA levels via the 

regulation of Cas13b expression. To test the functionality of the system, and in view of further 

combination of the systems, we targeted the mRNA of the firefly luciferase used as a reporter 

of the Blue-OFF system.  
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Therefore, we designed two different gRNAs and after verification of the functionality (Fig. 22 
B), the transfection of the complete BLACKout system demonstrated a blue light-induced 

decrease of  ~ 80 % of the FLuc protein level (Fig. 22 C). Furthermore, we could show that the 

BLACKout system is able to knockdown fluorescence proteins such as GFP in a blue light-

dependent manner (Fig. 23). To characterize the system further we measured kinetics of the 

mRNA cleavage and performed dose response experiments to get better insight into the 

performance of the BLACKout system. Additionally, we analyzed the reversibility, since this is 

a key advantage of a light-inducible system (Fischbach et al., 2019c, Appendix Original studies 

and protocols 7.1). 

 

Fig. 22: Design and validation of the BLACKout system. A) Mode of function. The photosensitive LOV2 peptide 

with an ePDZ specific tag is fused to the GAL4 DNA binding domain and separated by an internal ribosome entry 

site (IRES) from the ePDZ-VP16 fusion protein. On the reporter construct, five repeats of the GAL4 DNA sequence 
followed by a TATA box are upstream of the PspCas13b gene. Blue light illumination provides the unwinding of the 

Ja-helix and therefore exposing of the tag, which leads to interaction with the ePDZ-VP16 fusion. This interaction 

brings the viral trans activator in close proximity to the TATA box and recruits the transcriptional machinery. The 

expressed Cas13b protein is guided via the U6-promoter driven specific gRNA to the mRNA of interest to cleave it. 
B) Functionality of the gRNAs. Specific gRNAs targeting two separate sites of Firefly luciferase were designed and 

tested for their functionality with constitutively expressed Cas13b. HEK293-T were transfected with a construct 

containing constitutive expressed Cas13b, a construct expressing FLuc constitutively and either gRNA1, gRNA2 or 
both together. Transfected cells were kept in darkness for 24 h post-transfection and afterwards illuminated with 

blue light (10 µmol m-2 s-1 460 nm) or kept in darkness for 24 h. FLuc expression was determined. Black and blue 

bars indicate the mean of FLuc expression ± standard error of the mean for n = 4 under dark and blue conditions. 

C) Functionality of the BLACKout system. HEK293-T were transfected with constructs containing the BLACKout 
system, a construct expressing FLuc constitutively and either gRNA1 or gRNA2. Transfected cells were kept in 

darkness for 24 h post-transfection and afterwards illuminated with blue light (10 µmol m-2 s-1 460 nm) or kept in 

darkness for 24 h. FLuc expression was determined and normalized to the corresponding dark expression level. 

Black and blue bars indicate the relative mean of FLuc expression ± standard error of the mean for n = 4 under 

dark and blue conditions. Numbers above the blue bars indicate the blue-light expression level compared to the 

dark level in percentage. 
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Fig. 23: Blue light-induced GFP knock out. In darkness GFP accumulates similar to the mCherry signal in 
transfected cells. Upon blue light illumination the GFP level decreases in cells transfected with BLACKout system 

and either gRNA1 or gRNA2. HEK-293T cells were transfected with PGK-GFP (pTBPF018), SV40-mCherry 

(pTBPF014), the BLACKout system (pTBPF001, pKM516) and either gRNA1 or gRNA2 (pTBPF005, pTBPF006). 
After transfection cells were kept in dark for 24 h and illuminated for 48 h with 10 µmol m-2 s-1 and 460 nm light. 

Afterwards cells were fixated and imaged by confocal microscopy. 
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To investigate a complete knockout of a protein of interest we combined the described Blue-

OFF with the BLACKout system, to target transcriptional activity, mRNA level and protein 

stability simultaneously with one wavelength. As indicated in Fig. 24 A we were able to 

decrease the protein level down to ~ 1 % after an illumination time of 24 h. These results 

showed the rapid and high efficiency of protein downregulation when combining both systems 

and indicated the high combinability of the BLACKout system. Finally, to demonstrate the 

applicability of the system for knock out of endogenous proteins we targeted hCDK1 in HEK-

293T cells. hCDK1 is an important key player for the G2 cell cycle check point and regulates 

the induction of mitosis (Liao et al., 2017). To investigate the BLACKout system for blue light-

regulated G2 cell cycle arrest we designed gRNAs targeting the kinase domain of hCDK1. Our 

results in transfected HEK-293T showed a decreased growth of the cells compared to the un-

transfected cells (Fig. 24 B).  
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In conclusion, we engineered the first blue light-inducible mRNA cleavage tool based on a 

CRISPR/Cas effector protein. We showed that a reversible knock out of proteins is possible 

with a high spatiotemporal resolution. Furthermore, this tool could be applied for fundamental 

research of splicing variants, cancer or essential proteins in living cells or organisms in in vivo 

applications. In addition, due to the high customizability of the gRNA, this system allows to 

target nearly every protein of interest in a reversible manner and it is combinable with other 

optogenetic tools. Finally, we could show the functionality for endogenous target mRNAs to 

control the cell cycle in mammalian cells which allows further applications. However, this result 

needs to be verified by using the whole BLACKout system to control the cell cycle in a 

reversible manner, but anyway the designed gRNAs are functional and the transfected cells 

showed reduced growth. In future studies, one could analyze the efficiency and possible off-

targets of the Cas system by qPCR analysis of the mRNA of interest, since there are no data 

available so far. Furthermore, to increase the transfection efficiency it is possible to reduce the 

number of needed constructs by combining for example the blue light system construct with 

the gRNA plasmid. Another possibility to increase the efficiency of the system would be to 

engineer the Cas13b protein to a have an own light-dependent activity, therefore the 

transcription-based accumulation time of Cas13b would be decreased and the induction time 

of Cas13b would be increased (Nihongaki et al., 2015).  

  

Fig. 24: Application and combinability of the BLACKout system. A) Full knockout by combination of the Blue-

OFF system with the BLACKout system. HEK293-T were transfected with indicated constructs. Transfected cells 

were kept in darkness for 24 h post-transfection and afterwards illuminated with blue light (10 µmol m-2 s-1 460 
nm) or kept in darkness for 24 h. FLuc expression was determined and normalized to the corresponding dark 

expression level. Black and blue bars indicate the relative mean of FLuc expression ± standard error of the mean 

for n = 4 under dark and blue conditions. Numbers above the blue bars indicate the blue-light expression level 

compared to the dark level in percentage. B) Functionality of gRNAs for cell cycle control. HEK-293Tcells were 
transfected with plasmids expressing indicated genes. Transfected cells were kept in dark for 48 h post-

transfection. Un-transfected cells and cells transfected with either gRNA1 or 2 (targeting hCDK1) or constitutive 

Cas13b forming a uniform monolayer. Constitutive expression of Cas13b and either gRNA1 or 2 in darkness led 
to reduced cell growth suggesting a BLACKout induced cell cycle arrest. Cells were stained with DAPI.  
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4 Conclusion 
 
In summary, this work addresses the establishment and engineering of optogenetic tools to 

control cellular processes, gene expression, programmed cell death and cell cycle in 

mammalian cell culture and in vivo systems. Furthermore, this work shows the usage of 

optogenetic tools for deciphering fundamental biological processes such as the reconstruction 

of light signaling pathways and the development of new optogenetic tools resulting out of this 

knowledge.  

First, we re-designed the PhyB-based split transcription factor system to be customizable for 

a simplified applicability in in vivo systems. In addition, we targeted the size of the transcription 

factor PIF to not only get a better understanding of the interaction between PhyB and PIF but 

also discover truncated and optimized PIF variants with decreased basal activity in view of the 

in vivo applicability. In fact, we implemented the optimized, modular red light system in a lenti 

viral delivery system and demonstrated the functionality in neuronal like cells.  

Second, we aimed to screen new potential interactors of phytochrome A and B and therefore 

to reconstruct plant light signaling pathways in an orthogonal system. Successfully, thanks to 

the optimized PhyB-based system we showed light-dependent interaction of these pathways 

with several of the tested transcription factors and PhyA or B. With these results we 

demonstrated the integration of phytochrome signaling into hormone signaling for example 

jasmonate signaling, the circadian clock and cold regulation. Moreover, contributing to 

optogenetics, we developed a novel PhyA-based red light-dependent toggle switch completely 

orthogonal to the PhyB system and therefore combinable to control two processes with one 

pulse of red light. Furthermore, we demonstrated the functionality of the split transcription 

factor system as a orthogonal screening platform for plant protein:protein interactions and 

therefore reconstruction of light signaling pathways. 

Finally, as novel upgrades for the optogenetic toolbox, we targeted the control of transcription, 

mRNA levels and protein stability via one wavelength. Specifically, we engineered a blue light-

dependent tool which inhibits transcriptional activity and simultaneously induces protein 

degradation to knockdown protein levels. Additionally, we successfully developed the first blue 

light-induced mRNA cleavage tool based on a CRISPR/Cas effector protein to regulate mRNA 

levels. These tools were successfully used to control programmed cell death and cell cycle 

arrest in mammalian cells.  

Taken together, this work resulted in the establishment of various optogenetic tools which are 

an advantage to answer various scientific questions for example in splicing variant analysis, 

cancer research, programmed cell death or fundamental research in the future. All this with 

the benefits of optogenetic tools like the high spatiotemporal resolution, reversibility and in a 

non-invasive manner.  
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5 Material and Methods 
 

5.1 Plasmid generation and construction 

Generated plasmids, oligos and gRNAs are described in detail in tables Tab. 2, Tab. 3 and 

Tab. 4. 
 

5.2 Cell culture and transfection 

Chinese hamster ovary cells (CHO-K1, DSMZ, Braunschweig, Germany) were cultivated and 

transfected as described Golonka et al., 2019 and Fischbach et al., 2019b.  

Human embryonic kidney cells (HEK-293T, DSMZ, Braunschweig, Germany) were cultivated 

and transfected as described in Baaske et al., 2018 and Fischbach et al., 2019a+c.  

 

5.3 Light experiments 

If not indicated otherwise, medium was exchanged 24 h post-transfection either supplemented 

with chromophore (15 µM) or without. All work-steps were done under 530 nm green safe-light 

to avoid activation of the optogenetic systems. Cells were illuminated with various LED light-

boxes with the indicated wavelength and intensities. LED light-boxes were constructed as 

described in Fischbach et al., 2019a. 

 

5.4 SEAP reporter assay 

The supernatant of transfected cells was transferred to 96-well round-bottom MTPs and 

incubated at 68°C for 1 h to inactivate endogenous phosphatases. Afterwards, 80 µL of the 

supernatant were transferred to a 96-well flat-bottom MTPs, and per well 100 µL SEAP buffer 

(20 mM homoarginine, 1 mM MgCl2, 21% (v/v) diethanolamine) was added (Müller et al., 

2013a). After addition of 20 µL 120 mM para-nitrophenyl phosphate, the absorption at 405 nm 

was measured for 1 h using a BMG Labtech CLARIOstar or a TriStar2 S LB 942 multimode 

plate reader (Berthold Technologies, Bad Wildbad, Germany). The slope of obtained curves 

(OD/min) was calculated and SEAP activity (U/L) was determined using Lambert-Beers´s-law: 

𝐸 = 𝜀	𝑥	𝑐	𝑥	𝑑 

e = 18600 M-1 cm-1 

c = increase of OD/min (slope) 

d = length of light path, 0,6 cm 
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5.5 Gaussia Luciferase assay 

20 – 80 µL of the supernatant of the transfected cells were transferred to a 96-well white MTP 

and diluted in 0 - 60 µL phosphate-buffered saline (PBS; 2.68 mM KCl, 1.47 mM KH2PO4, 8.03 

mM Na2PO4, 137 mM NaCl). After addition of 20 µL coelenterazine (472mM stock solution in 

methanol, diluted 1:1,500 in PBS; Carl Roth, Karlsruhe, Germany, no. 4094.4), the 

luminescence was measured for 20 min using TriStar2 LB 941 or LB 942 multimode plate 

readers (Golonka et al., 2019). 

 

5.6 Firefly Luciferase assay 

Luciferase expression was quantified by lysing cells on ice with 250 µl luciferase lysis buffer 

(25 mM Tris/HCl, pH 7.8, 1 % Triton X-100, 15 mM MgSO4, 4 mM ethylene glycol tetraacetic 

acid (EGTA), 1 mM DTT) per well on ice for 15 min. 80 µl lysate was transferred to Costar® 

96-well flat-bottom white plates (Corning Incorporated, Germany). Firefly luciferase 

luminescence was directly monitored using Berthold Centro XS3 LB960 reader (Berthold 

Technologies, Bad Wildbad, Germany) after addition of 20 μl of firefly luciferase substrate 

(20 mM Tricine, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 0.52 mM ATP, 0.27 mM 

Acetyl-CoA, 5 mM NaOH, 50 mM MgCO3, 0.47 mM luciferin) (Baaske et al., 2018). 

 

5.7 Statistical analysis 

Statistical analysis was performed by using two-way ANOVA with GraphPad Prism 7.0. 

Outlier were determined and excluded in all experiments as described in (Jacobs and Dinman, 

2004). 

 

5.8 Software 

Geneious R10 Version 10.2.3 for plasmid design and construction. 

GraphPad Prism 7.0 for data analysis and statistical analysis. 

Microsoft Office 2019 for data analysis & graphic design. 

Biorender.com for graphic design.  
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Tab. 2: Generation and description of plasmids used in this work. All plasmids were constructed using Gibson 

or AQUA assembly (Gibson et al., 2009; Beyer et al., 2015a). 

Plasmid Description Reference or 
Source 

pKM006 tetO13-CMVmin-SEAP-TA (Müller et al., 

2013a) 

pKM022 SV40-PhyB1-650-VP16-tetR-PIF61-100-TA (Müller et al., 

2013a) 

pKM082 etr8-CMVmin-SEAP-TA (Müller et al., 2014) 

pKM083 SV40-GLuc-TA Unpublished 

(Konrad Müller) 

pKM516 SV40-GAL4BD-LOV2tag-IRES-ePDZ-VP16-NLS-
TA 

(Müller et al., 2014) 

pKM565 SV40-KRAB-EL222-TA (Baaske et al., 

2018) 

StrigoQuant P35S-Renilla-2A-SMXL6-Firefly-myc-pA; Vector 

for the expression of a ratiometric luminescent 

biosensor with SMXL6 as a sensor module. 

 

(Samodelov et al., 

2016) 

pMZ333 SV40-PhyB1-650-mCherry-TA (Müller et al., 

2013a) 

pMZ1160 SV40-PhyA FL-VP16-IRES-tetR-SPA1-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1161 SV40-PhyA FL-VP16-IRES-tetR-PIF3-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1163 SV40-PhyA FL-VP16-IRES-tetR-COR27-TA Unpublished 

(Matias 

Zurbriggen) 
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pMZ1164 SV40-PhyA FL-VP16-IRES-tetR-COR28-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1165 SV40-PhyA FL-VP16-IRES-tetR-JAZ1-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1166 SV40-PhyA FL-VP16-IRES-tetR-JAZ5-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1167 SV40-PhyA FL-VP16-IRES-tetR-ERF006-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1168 SV40-PhyA FL-VP16-IRES-tetR-ERF058-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1169 SV40-PhyB FL-VP16-IRES-tetR-SPA1-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1170 SV40-PhyB FL-VP16-IRES-tetR-PIF3-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1171 SV40-PhyB FL-VP16-IRES-tetR-COR27-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1172 SV40-PhyB FL-VP16-IRES-tetR-COR28-TA Unpublished 

(Matias 

Zurbriggen) 

pMZ1200 SV40-VP16-IRES-tetR-TA (Müller et al., 

2013a) 

pMZ1203 SV40-C120-Firefly-B-LID-TA (Baaske et al., 

2018) 
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pMZ1427 SV40-PUMA-LOV-TA Unpublished 

(Matias 

Zurbriggen) 

pTB034 SV40-PhyB FL-VP16-IRES-tetR-PIF4-TA Unpublished (Tim 

Blomeier) 

pTB035 SV40-PhyB FL-VP16-IRES-tetR-PIF5-TA Unpublished (Tim 

Blomeier) 

pTB036 SV40-PhyB FL-VP16-IRES-tetR-PIF6-TA Unpublished (Tim 

Blomeier) 

pTB038 SV40-PhyB FL-VP16-IRES-tetR-PIF8-TA Unpublished (Tim 

Blomeier) 

pTB039 SV40-PhyB FL-VP16-IRES-tetR-TOC1-TA; 
pPF009 linearized by AscI and AsiSI; TOC1 

amplified with oTB169+170 from TOC1 containing 

plasmid (DKLAT5G61380.1; ABRC) and 

assembled by AQUA.  

 

This work 

pTB040 SV40-PhyB FL-VP16-IRES-tetR-CCA1-TA; 
pPF009 linearized by AscI and AsiSI; CCA1 

amplified with oTB171+172 from CCA1 containing 

plasmid (DKLAT2G46830; ABRC) and assembled 

by AQUA.  

 

This work 

pTB043 SV40-PhyB FL-VP16-IRES-tetR-LHY1-TA; 
pPF009 linearized by AscI and AsiSI; LHY1 

amplified with oTB177+178 from LHY1 containing 

plasmid (DKLAT1G01060; ABRC) and assembled 

by AQUA.  

 

This work 

pTB505 SV40-BID-LOV-TA Unpublished (Tim 

Blomeier) 
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pLK001 SV40-PhyB1-650-VP16-E-PIF61-100-TA Unpublished 

(Leonie-Alexa 

Koch) 

pLK002 etr8-CMVmin-SEAP-TABGH-SV40-Renilla-TASV40; 
pKM082 linearized by HindIII and SpeI, BGH-TA 

was amplified by oPF007+oPF008 from pKM528, 

SV40 Promotor was amplified by oPF009+oPF010 

from pKM022, Renilla was amplified by 

oPF011+oPF012 from StrigoQuant. All fragments 

were assembled by AQUA Cloning.  

 

This work 

pLK017 ´5LTR-etr3-CMVmin-SEAP-YFP-SV40-PhyB1-650-
VP16-IRES-E-PIF61-100-´3LTR 

 

Unpublished 

(Leonie-Alexa 

Koch) 

pJA086 SV40-GFP-TA; Unpublished 

(Jennifer Andres) 

PIF1dNSL SV40-PhyB1-650-VP16-E-PIF1.LS-TA Received from 

David Golonka 

PIF1dN SV40-PhyB1-650-VP16-E-PIF1-TA Received from 

David Golonka 

PIF1dNsplitA SV40-PhyB1-650-VP16-E-PIF1.A-TA Received from 

David Golonka 

PIF1dNsplitB SV40-PhyB1-650-VP16-E-PIF1.B-TA Received from 

David Golonka 

PIF1 SV40-PhyB1-650-VP16-E-PIF1.100-TA Received from 

David Golonka 

PIF1dNAPBfus SV40-PhyB1-650-VP16-E-PIF1.fus-TA Received from 

David Golonka 

pDG386 SV40-PhyB1-650-VP16-E-PIF1.Bs-TA Received from 

David Golonka 

pDG394 SV40-PhyB1-650-VP16-E-PIF1.A8-TA Received from 

David Golonka 
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pDG406 SV40-PhyB1-650-VP16-E-PIF1.AA-TA Received from 

David Golonka 

pDG407 SV40-PhyB1-650-VP16-E-PIF1.BB-TA Received from 

David Golonka 

pDG409 SV40-PhyB1-650-VP16-E-PIF1.BA-TA Received from 

David Golonka 

PIF1AA14 SV40-PhyB1-650-VP16-E-PIF1.A14-TA Received from 

David Golonka 

PIF1AS19 SV40-PhyB1-650-VP16-E-PIF1.A19-TA Received from 

David Golonka 

PIF1dNBAfus SV40-PhyB1-650-VP16-E-PIF1.BAfus-TA Received from 

David Golonka 

PIF1dNBBfus SV40-PhyB1-650-VP16-E-PIF1.BBfus-TA Received from 

David Golonka 

PIF1dNsAs SV40-PhyB1-650-VP16-E-PIF1.As-TA Received from 

David Golonka 

PIF1dNAAfus SV40-PhyB1-650-VP16-E-PIF1.AAfus-TA Received from 

David Golonka 

PIF3dNhk SV40-PhyB1-650-VP16-E-PIF3.L1-TA Received from 

David Golonka 

PIF3dNSL SV40-PhyB1-650-VP16-E-PIF3.LS-TA Received from 

David Golonka 

PIF3dNvk SV40-PhyB1-650-VP16-E-PIF3.L2-TA Received from 

David Golonka 

PIF3dN SV40-PhyB1-650-VP16-E-PIF3-TA Received from 

David Golonka 

PIF3 SV40-PhyB1-650-VP16-E-PIF3.100-TA Received from 

David Golonka 

PIF3dNP1L SV40-PhyB1-650-VP16-E-PIF3.LP1-TA Received from 

David Golonka 

PIF3dNsplitA SV40-PhyB1-650-VP16-E-PIF3.A-TA Received from 

David Golonka 
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PIF3dNsplitB SV40-PhyB1-650-VP16-E-PIF3.B-TA Received from 

David Golonka 

PIF3dNAA SV40-PhyB1-650-VP16-E-PIF3.AA-TA Received from 

David Golonka 

PIF3dNBB SV40-PhyB1-650-VP16-E-PIF3.BB-TA Received from 

David Golonka 

pDG366 SV40-PhyB1-650-VP16-E-PIF3.AAfus-TA Received from 

David Golonka 

pDG367 SV40-PhyB1-650-VP16-E-PIF3.BBfus-TA Received from 

David Golonka 

pDG379 SV40-PhyB1-650-VP16-E-PIF3.As-TA Received from 

David Golonka 

pDG389 SV40-PhyB1-650-VP16-E-PIF3.A8-TA Received from 

David Golonka 

pDG396 SV40-PhyB1-650-VP16-E-PIF3.Bs-TA Received from 

David Golonka 

pDG398 SV40-PhyB1-650-VP16-E-PIF3.BA-TA Received from 

David Golonka 

pDG400 SV40-PhyB1-650-VP16-E-PIF3.BAfus-TA Received from 

David Golonka 

pDG410 SV40-PhyB1-650-VP16-E-PIF3.A-TA Received from 

David Golonka 

PIF3AS14 SV40-PhyB1-650-VP16-E-PIF3.A14-TA Received from 

David Golonka 

PIF3AS19 SV40-PhyB1-650-VP16-E-PIF3.A19-TA Received from 

David Golonka 

PIF6 SV40-PhyB1-650-VP16-E-PIF6.100-TA Received from 

David Golonka 

PIF6dN SV40-PhyB1-650-VP16-E-PIF6-TA Received from 

David Golonka 

PIF6dNAPBfus SV40-PhyB1-650-VP16-E-PIF6.fus-TA Received from 

David Golonka 
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PIF6dNP1L SV40-PhyB1-650-VP16-E-PIF6.LP1-TA Received from 

David Golonka 

PIF6dsplitA SV40-PhyB1-650-VP16-E-PIF6.A-TA Received from 

David Golonka 

PIF6dNSL SV40-PhyB1-650-VP16-E-PIF6.LS-TA Received from 

David Golonka 

PIF6dNvk SV40-PhyB1-650-VP16-E-PIF6.L2-TA Received from 

David Golonka 

pDG373 SV40-PhyB1-650-VP16-E-PIF6.B-TA Received from 

David Golonka 

pDG381 SV40-PhyB1-650-VP16-E-PIF6.Bs-TA Received from 

David Golonka 

pDG390 SV40-PhyB1-650-VP16-E-PIF6.A8-TA Received from 

David Golonka 

pDG397 SV40-PhyB1-650-VP16-E-PIF6.BB-TA Received from 

David Golonka 

pDG399 SV40-PhyB1-650-VP16-E-PIF6.BA-TA Received from 

David Golonka 

pDG401 SV40-PhyB1-650-VP16-E-PIF6.BBfus-TA Received from 

David Golonka 

pDG402 SV40-PhyB1-650-VP16-E-PIF6.BAfus-TA Received from 

David Golonka 

pDG403 SV40-PhyB1-650-VP16-E-PIF6.LS-TA Received from 

David Golonka 

pDG404 SV40-PhyB1-650-VP16-E-PIF6.L2-TA Received from 

David Golonka 

pDG405 SV40-PhyB1-650-VP16-E-PIF6.AA-TA Received from 

David Golonka 

pDG408 SV40-PhyB1-650-VP16-E-PIF6.As-TA Received from 

David Golonka 

PIF6AS14 SV40-PhyB1-650-VP16-E-PIF6.A14-TA Received from 

David Golonka 
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PIF6AS19 SV40-PhyB1-650-VP16-E-PIF6.A19-TA Received from 

David Golonka 

PIF6dNAAfus SV40-PhyB1-650-VP16-E-PIF6.AAfus-TA Received from 

David Golonka 

pAAV-hSyn-

ChR2 

ITR-hSyn-ChR2-YFP-WPRE-ITR Received from Ilka 

Diester 

pC0043 U6-PspCas13bDR-TA pC0043-

PspCas13b crRNA 

backbone was a 

gift from Feng 

Zhang (Addgene 

plasmid # 103854 ; 

http://n2t.net/addg

ene:103854 ; 

RRID:Addgene_10

3854) 

pC0046 EF1a-PspCas13b-NES-TA pC0046-EF1a-

PspCas13b-NES-

HIV was a gift from 

Feng Zhang 

(Addgene plasmid 

# 103862) 

pLJM1-GFP ´5LTR-CMV-GFP-PGK-Puror-´3LTR pLJM1-EGFP was 

a gift from David 

Sabatini (Addgene 

plasmid # 19319 ; 

http://n2t.net/addg

ene:19319 ; 

RRID:Addgene_19

319) 

pTREX-B-LID-

mCherry-2A-

myrcasp8-

ER(T2) 

SV40-B-LID-mCherry-2A-myrcasp8-ER(T2); (Baaske et al., 

2018) 
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pTREX-

myrcasp8-

ER(T2)-IRES-

mCherry 

SV40-myrcasp8-ER(T2)-IRES-mCherry; (Baaske et al., 

2018) 

pLKPF010 ´5LTR-etr3-CMVmin-SEAP-YFP-CMV-PhyB1-650-
VP16-IRES-E-PIF61-100-´3LTR; pLK017 was 

linearized by HpaI + AsiSI, CMV was amplified 

from pLJM1-GFP with oLKPF026 + 27 and 

assembled by Gibson. 

 

This work 

pLKPF011 ´5LTR-etr8-CMVmin-SEAP-YFP-CMV-PhyB1-650-
VP16-IRES-E-PIF61-100-´3LTR; pLKPF010 was 

linearized by PacI + SnaBI, etr8-CMVmin was 

amplified from pLK002 with oPF071 + 50 and 

assembled by Gibson. 

 

This work 

pLKPF015 ´5LTR-etr8-CMVmin-ChR2-YFP-CMV-PhyB1-650-
VP16-IRES-E-PIF61-100-´3LTR; pLKPF011 was 

linearized by PacI + AsiSI, ChR2 was amplified 

from pAAV-hSyn-ChR2 plasmid with oLKPF036 + 

37 and assembled by Gibson. 

 

This work 

pLKPF033 ´5LTR-etr8-CMVmin-ChR2-YFP-´3LTR; pLKPF015 

was linearized by AscI + AsiSI, PGK was amplified 

from pLKPF015 plasmid with oLKPF069 + 70 and 

assembled by Gibson. 

 

This work 

pLKPF034 ´5LTR-CMV-PhyB1-650-VP16-IRES-E-PIF61-100-
´3LTR; pLKPF015 was linearized by SrfI + AsiSI, 

BB was amplified from pPF001 plasmid with 

oLKPF071 + 72 and assembled by Gibson. 

 

This work 
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pTBPF001 Gal4UAS-PspCas13b-NES-HA-TA - pKM083 

was amplified with oTBPF003 + 004, PspCas13b 

was amplified from pC0046 with oTBPF001 + 002 

an assembled by AQUA. 

 

This work 

pTBPF003 U6-Firefly gRNA1-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF009 by AQUA. 

 

This work 

pTBPF004 U6-Firefly gRNA2-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF010 by AQUA. 

 

This work 

pTBPF005 U6-GFP gRNA1-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF011 by AQUA. 

 

This work 

pTBPF006 U6-GFP gRNA2-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF012 by AQUA. 

 

This work 

pTBPF014 SV40-mCherry-TA; pJA086 was linearized by 

NotI + XbaI, mCherry was amplified from pMZ333 

with oTBPF034 + 35 and were assembled by 

AQUA Cloning. 

This work 

pTBPF015 SV40-Firefly-TA; pLKPTBPF001 was linearized 

with XhoI + BamHI, SV40 was amplified from 

pMZ1203 with oTBPF036 + 37 and assembled 

with AQUA. 

 

This work 

pTBPF018 PGK-GFP-TA; pJA086 was linearized with NheI + 

XhoI, PGK was amplified from pLJM1-GFP with 

oTBPF041+42 and assembled with AQUA. 

This work 
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pTBPF021 U6-hCDK1 gRNA1-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF047 by AQUA. 

 

This work 

pTBPF022 U6-hCDK1 gRNA2-PspCas13bDR-TA - pC0043 

was linearized by BbsI-HF and assembled with 

oTBPF048 by AQUA. 

 

This work 

pLKTBPF001 CMV-Firefly-TA;  Unpublished 

(Leonie-Alex Koch) 

pPF001 Modular pKM022 (SV40-PhyB1-650-VP16-tetR-
PIF61-100-TA); pKM022 was amplified with 

oPF001/oPF002 and added SpeI and AscI site, 

PhyB1-650 was amplified from pKM022 with 

oPF003/oPF004 and added EcoRV site, PIF61-100 

was amplified from pKM022 with oPF005/oPF006 

and added BsrGI site, VP16-IRES-tetR was 

excised by EcoRV from pMZ1200. All fragments 

were assembled by AQUA. 

 

This work 

pPF002 tetO13-CMVmin-SEAP-TABGH-SV40-Renilla-
TASV40; pKM006 linearized by HindIII and SpeI, 

BGH-TA was amplified by oPF007+oPF008 from 

pKM528, SV40 Promotor was amplified by 

oPF009+oPF010 from pKM022, Renilla was 

amplified by oPF011+oPF012 from StrigoQuant. 

All fragments were assembled by AQUA Cloning.  

 

This work 

pPF007 SV40-PhyA FL-VP16-IRES-tetR-PIF61-100-TA; 
pPF001 was linearized by SpeI and EcoRV, PhyA 

was amplified from pMZ1160 with oPF025 + 

oPF026 and assembled by AQUA  

 

This work 
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pPF009 SV40-PhyB FL-VP16-IRES-tetR-(BsrGI)PIF6(1-
100)-TA); pPF039 was linearised by SpeI and 

EcoRV, PhyB FL was amplified from pMZ333 with 

oPF027 + oPF028 and assembled by AQUA  

 

This work 

pPF012 SV40-PhyA FL-VP16-IRES-tetR-NOT9a-TA; 
pPF007 linearized by AscI and BsrGI, NOT9a was 

amplified with oPF106+oPF107 from NOT9a 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF013 SV40-PhyA FL-VP16-IRES-tetR-OPA-TA; 
pPF007 linearized by AscI and BsrGI, OPA was 

amplified with oPF100+oPF101 from OPA 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF014 SV40-PhyA FL-VP16-IRES-tetR-ERF057-TA; 
pPF007 linearized by AscI and BsrGI, ERF057 was 

amplified with oPF104+oPF105 from ERF057 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF015 SV40-PhyA FL-VP16-IRES-tetR-JAZ9-TA; 
pPF007 linearized by AscI and BsrGI, JAZ9 was 

amplified with oPF102+oPF103 from JAZ9 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF016 SV40-PhyA FL-VP16-IRES-tetR-ERF055-TA; 
pPF007 linearized by AscI and BsrGI, ERF055 was 

amplified with oPF108+oPF109 from ERF055 

containing plasmid. All fragments were assembled 

by AQUA. 

This work 
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pPF017 SV40-PhyA(FL)-VP16-IRES-tetR-ERF056-TA; 
pPF007 linearized by AscI and BsrGI, ERF056 was 

amplified with oPF110+oPF111 from ERF056 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF018 SV40-PhyA FL-VP16-IRES-tetR-ERF059-TA; 
pPF007 linearized by AscI and BsrGI, ERF059 was 

amplified with oPF112+oPF113 from ERF059 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF019 SV40-PhyA FL-VP16-IRES-tetR-ERF060-TA; 
pPF007 linearized by AscI and BsrGI, ERF060 was 

amplified with oPF114+oPF115 from ERF060 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF020 SV40-PhyA FL-VP16-IRES-tetR-JAZ2-TA; 
pPF007 linearized by AscI and BsrGI, JAZ2 was 

amplified with oPF116+oPF117 from JAZ2 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF021 SV40-PhyA FL-VP16-IRES-tetR-JAZ6-TA; 
pPF007 linearized by AscI and BsrGI, JAZ6 was 

amplified with oPF118+oPF119 from JAZ6 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF022 SV40-PhyA FL-VP16-IRES-tetR-PIF1-TA; 
pPF007 linearized by AscI and BsrGI, PIF1 was 

This work 
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amplified with oPF120+oPF121 from PIF1 

containing plasmid. All fragments were assembled 

by AQUA. 

 

pPF023 SV40-PhyA FL-VP16-IRES-tetR-NOT9b-TA; 
pPF007 linearized by AscI and BsrGI, NOT9b was 

amplified with oPF122+oPF123 from NOT9b 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF024 SV40-PhyA FL-VP16-IRES-tetR-NOT9c-TA; 
pPF007 linearized by AscI and BsrGI, NOT9c was 

amplified with oPF124+oPF125 from NOT9c 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF025 SV40-PhyA FL-VP16-IRES-tetR-COP1-TA; 
pPF007 linearized by AscI and BsrGI, COP1 was 

amplified with oPF126+oPF127 from COP1 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF026 SV40-PhyA FL-VP16-IRES-tetR-PCH1-TA; 
pPF007 linearized by AscI and BsrGI, PCH1 was 

amplified with oPF128+oPF129 from PCH1 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF027 SV40-PhyA FL-VP16-IRES-tetR-PCHL-TA; 
pPF007 linearized by AscI and BsrGI, PCHL was 

amplified with oPF130+oPF131 from PCHL 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 
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pPF028 SV40-PhyA FL-VP16-IRES-tetR-FHL-TA; 
pPF007 linearized by AscI and BsrGI, FHL was 

amplified with oPF132+oPF133 from FHL 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF029 SV40-PhyA FL-VP16-IRES-tetR-FHY1-TA; 
pPF007 linearized by AscI and BsrGI, FHY1 was 

amplified with oPF134+oPF135 from FHY1 

containing plasmid. All fragments were assembled 

by AQUA. 

 

This work 

pPF034 tetO13-CMVmin-SEAP-TABGH-SV40-GLuc-TASV40; 
pPF002 linearized by EcoRV and NotI, Gluc was 

amplified by oPF047+oPF048 from pKM083 and 

were assembled by AQUA Cloning.  

 

This work 

pPF035 etr8-CMVmin-SEAP-TABGH-SV40-GLuc-TASV40; 
pLK002 linearized by EcoRV and NotI, Gluc was 

amplified by oPF047+oPF049 from pKM083 and 

were assembled by AQUA Cloning.  

 

This work 

pPF039 SV40-PhyB1-650-VP16-IRES-tetR-PIF61-100-TA; 

pPF001 was amplified by oPF002 and oPF067, 

second part was amplified from pPF001 with 

oPF003+oPF068; All fragments were assembled 

by AQUA.  

 

This work 

pPF044 SV40-PIF3-TA; pMZ333 was linearised by NotI 

and XbaI, PIF3 was amplified from PIF3 containing 

plasmid with oPF076+oPF077; All fragments were 

assembled by AQUA.  

 

This work 
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pPF058 SV40-PhyA1-651-VP16-IRES-tetR-PIF61-100-TA; 
pPF001 was linearized by SpeI and EcoRV, PhyA1-

651 was amplified from pMZ1160 with oPF025 + 

oPF098 and assembled by AQUA  

 

This work 

pPF078 SV40-PhyB FL-VP16-IRES-tetR-OPA; pPF009 

was linearized by AsiSI + AscI and OPA was 

amplified by oPF339+oPF340 from pPF013. All 

fragments were assembled by AQUA. 

 

This work 

pPF085 SV40-PhyA1-651-VP16-IRES-tetR-OPA-TA; 
pPF058 was linearized by BsrGI + AscI, OPA was 

amplified from pPF013 with oPF100 + 101 and 

assembled by AQUA. 

 

This work 

pPF086 SV40-PhyA FL-VP16-IRES-tetR-OPA1-90-TA; 
pPF007 was linearized by BsrGI + AscI, OPA1-90 

was amplified from pPF013 with oPF353 + 101 and 

assembled by AQUA. 

 

This work 

pPF087 SV40-PhyA FL-VP16-IRES-tetR-OPA91-180-TA; 
pPF007 was linearized by BsrGI + AscI, OPA91-

180was amplified from pPF013 with oPF354 + 100 

and assembled by AQUA. 

 

This work 

pPF088 SV40-C120-PUMA-LOV-Degron-TA; pMZ1203 

was amplified by oPF355+356, PUMA was 

amplified from PUMA containing plasmid with 

oPF357+358 and assembled with AQUA. 

 

This work 

pPF089 SV40-PhyB FL-VP16-IRES-tetR-OPA1-90-TA - 
pPF009 was linearized by AsiSI + AscI, OPA1-90 

This work 
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was amplified from pPF013 with oPF353 + 359 and 

assembled by AQUA. 

 

pPF090 SV40-PhyA1-617-VP16-IRES-tetR-OPA-TA - 
pPF085 was amplified by oPF360 + 361 and 

assembled by AQUA. 

 

This work 

pPF092 SV40-C120-BID-LOV-Degron-TA; pMZ1203 was 

amplified by oPF355+356, BID was amplified from 

BID containing plasmid with oPF364+365 and 

assembled with AQUA 

This work 

pPF131 SV40-PhyB FL-VP16-IRES-tetR-PIF1; pPF009 

linearized by AscI and AsiSI; PIF1 amplified with 

oPF142+oPF121 from PIF containing plasmid and 

assembled by AQUA.  

 

This work 

pPF132 SV40-PhyB FL-VP16-IRES-tetR-PCH1; pPF009 

linearized by AscI and AsiSI; PIF1 amplified with 

oPF143+oPF129 from PCH1 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF133 SV40-PhyB FL-VP16-IRES-tetR-PCHL; pPF009 

linearized by AscI and AsiSI; PIF1 amplified with 

oPF144+oPF131 from PCHL containing plasmid 

and assembled by AQUA.  

 

This work 

pPF139 SV40-PhyB FL-VP16-IRES-tetR-JAZ1; pPF009 

linearized by AscI and AsiSI; JAZ1 amplified with 

oPF147+oPF148 from JAZ1 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF140 SV40-PhyB FL-VP16-IRES-tetR-JAZ2; pPF009 

linearized by AscI and AsiSI; JAZ2 amplified with 

This work 
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oPF149+oPF150 from JAZ2 containing plasmid 

and assembled by AQUA.  

 

pPF141 SV40-PhyB FL-VP16-IRES-tetR-JAZ3; pPF009 

linearized by AscI and AsiSI; JAZ3 amplified with 

oPF151+oPF152 from JAZ3 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF142 SV40-PhyB FL-VP16-IRES-tetR-JAZ4; pPF009 

linearized by AscI and AsiSI; JAZ4 amplified with 

oPF153+oPF154 from JAZ4 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF143 SV40-PhyB FL-VP16-IRES-tetR-JAZ5; pPF009 

linearized by AscI and AsiSI; JAZ5 amplified with 

oPF155+oPF156 from JAZ5 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF144 SV40-PhyB FL-VP16-IRES-tetR-JAZ6; pPF009 

linearized by AscI and AsiSI; JAZ6 amplified with 

oPF157+oPF158 from JAZ6 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF145 SV40-PhyB FL-VP16-IRES-tetR-JAZ7; pPF009 

linearized by AscI and AsiSI; JAZ7 amplified with 

oPF159+oPF160 from JAZ7 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF146 SV40-PhyB FL-VP16-IRES-tetR-JAZ8; pPF009 

linearized by AscI and AsiSI; JAZ8 amplified with 

oPF161+oPF162 from JAZ8 containing plasmid 

and assembled by AQUA.  

 

This work 
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pPF147 SV40-PhyB FL-VP16-IRES-tetR-JAZ9; pPF009 

linearized by AscI and AsiSI; JAZ9 amplified with 

oPF163+oPF164 from JAZ9 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF148 SV40-PhyB FL-VP16-IRES-tetR-JAZ10; pPF009 

linearized by AscI and AsiSI; JAZ10 amplified with 

oPF165+oPF166 from JAZ10 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF149 SV40-PhyB FL-VP16-IRES-tetR-JAZ11; pPF009 

linearized by AscI and AsiSI; JAZ11 amplified with 

oPF167+oPF168 from JAZ11 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF150 SV40-PhyB FL-VP16-IRES-tetR-JAZ12; pPF009 

linearized by AscI and AsiSI; JAZ12 amplified with 

oPF169+oPF170 from JAZ12 containing plasmid 

and assembled by AQUA.  

 

This work 

pPF151 SV40-PhyA FL-VP16-IRES-tetR-JAZ3; pPF007 

was linearized by AscI and BsrGI; JAZ3 was 

amplified with oPF171+oPF152 from JAZ3 

containing plasmid and assembled by AQUA. 

 

This work 

pPF152 SV40-PhyA FL-VP16-IRES-tetR-JAZ4; pPF007 

was linearized by AscI and BsrGI; JAZ4 was 

amplified with oPF172+oPF154 from JAZ4 

containing plasmid and assembled by AQUA. 

 

This work 

pPF153 SV40-PhyA FL-VP16-IRES-tetR-JAZ7; pPF007 

was linearized by AscI and BsrGI; JAZ7 was 

This work 
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amplified with oPF173+oPF160 from JAZ7 

containing plasmid and assembled by AQUA. 

 

pPF154 SV40-PhyA FL-VP16-IRES-tetR-JAZ8; pPF007 

was linearized by AscI and BsrGI; JAZ8 was 

amplified with oPF174+oPF162 from JAZ8 

containing plasmid and assembled by AQUA. 

 

This work 

pPF155 SV40-PhyA FL-VP16-IRES-tetR-JAZ10; pPF007 

was linearized by AscI and BsrGI; JAZ10 was 

amplified with oPF175+oPF166 from JAZ10 

containing plasmid and assembled by AQUA. 

 

This work 

pPF156 SV40-PhyA FL-VP16-IRES-tetR-JAZ11; pPF007 

was linearized by AscI and BsrGI; JAZ11 was 

amplified with oPF176+oPF168 from JAZ11 

containing plasmid and assembled by AQUA. 

 

This work 

pPF157 SV40-PhyA FL-VP16-IRES-tetR-JAZ12; pPF007 

was linearized by AscI and BsrGI; JAZ12 was 

amplified with oPF177+oPF170 from JAZ12 

containing plasmid and assembled by AQUA. 

 

This work 

 
Tab. 3: Oligonucleotides used in this work. 

Oligo Sequence (5´à 3´) 

oTB169 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGATT

TGAACGGTGAGTG 

oTB170 TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCAAGTTCCC

AAAGCATCAT 

oTB171 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAGA

CAAATTCGTCTGG 
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oTB172 TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATGTGGAA

GCTTGAGTTTC 

oTB177 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGATA

CTAATACATCTGGAGAA 

oTB178 TATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATGTAGAA

GCTTCTCCTT 

oPF001 TGTTCCAGATTACGCTGGCGCGCCTAAAAGCTTCGATCCAGACATGA

TAAGATACATTG 

oPF002 CGGAAACCATGGTGGGACTAGTCAATTCCGATCCGGGACCTGAAATA

AAAGA 

oPF003 TCCCGGATCGGAATTGACTAGTCCCACCATGGTTTCCGGAGTCG 

oPF004 GCACTACCAGCACTACCAGCACTATCGAATTCGATATCACCTAACTCA

TCAATCCCCTGTTCCC 

oPF005 GAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGATGTT

CTTACCAACCGATTATTGTTGCAGG 

oPF006 TTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCAGCGTAATCTGGA

ACATCGTATGGGTAGT 

oPF007 ACCTACAGCCCAGTGGCCTCGAGCTGCAGAAAGCTTCTTAAGCGACT

GTGCCTTCTAGTTGCCAGC 

oPF008 GACACACATTCCACAGCCATAGAGCCCACCGCATCCC 

oPF009 GCGGTGGGCTCTATGGCTGTGGAATGTGTGTCAGTTAGGGTG 

oPF010 TTCGAAGTCATGGTGGGATATCGCAATTCCGATCCGGGACCTGAAAT

AAAA 

oPF011 CCCGGATCGGAATTGCGATATCCCACCATGACTTCGAAAGTTTATGAT

CCAG 

oPF012 AACGCGTATTTAAATTAATTAAGCGATCGCACTAGTGCGGCCGCTTAT

TGTTCATTTTTGAGAACTCGCTCAACGAAC 

oPF025 TTTGTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATG

GATTCAGGCTCTAGGC 

oPF026 GCACTACCAGCACTACCAGCACTATCGAATTCGATCTTGTTTGCTGCA

GCGAGTTCCGC 
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oPF027 TTTGTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATG

GTTTCCGGAGTCGG 

oPF028 GCACTACCAGCACTACCAGCACTATCGAATTCGATATATGGCATCATC

AGCATCATGTCACCACT 

oPF047 TTTTATTTCAGGTCCCGGATCGGAATTGCGATATCCCACCATGGGAGT

CAAAGTTCTGTTTG 

oPF048 TAAATTAATTAAGCGATCGCACTAGTGCGGCCGCTTAGTCACCACCG

GCCCCCTTG 

oPF049 GTTTAAACATCGATTGATCAGGCGCGGCGGCCGCTTAGTCACCACCG

GCCCCCTTG 

oPF050 AGCAGCAGCATGCAGGAAGCTGACTCTAGAGGATCCCCGGGCGAGT

TAATTAACGGTACCGGGGCCGCGG 

oPF067 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTAT

GATGTTCTTACCAACCGATTATTGTTGCAGG 

oPF068 AACCTGCAACAATAATCGGTTGGTAAGAACATCATAGCGATCGCATC

GCTACCTCCGCCACCACTTC 

oPF071 CCTTATGGGACTTTCCTACTTGGCAGTACATCTACGCCCGGGCCGTC

GACGATCGACCTGCAGG 

oPF076 TTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCCCACCAT

GCCTCTGTTTGAGCTTTTCAGGCTCAC 

oPF077 TCTGGATCGAAGCTTGGGCTGCAGGTCGACTCTAGTTACGACGATCC

ACAAAACTGATCAGAAGAC 

oPF098 GCACTACCAGCACTACCAGCACTATCGAATTCGATCTCAGCAATTTTC

GTGTTCCAACCATTAACC 

oPF100 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGCTCCATTATAC

GAATCAATCGTCACTTCTTC 

oPF101 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

GCCTCCTTTTGAAAGATCGAAAC 

oPF102 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATGTAGGAGAAGT

AGAAGAGTAATTCATTCCACTG 

oPF103 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

AAGAGATTTTCTGGGTTTGAGCGA 
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oPF104 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAGAAGAGTTTCTCT

ATAGCGTCCCAATCAATCT 

oPF105 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

TTTAAACATGAATGCTTACGTAGACGA 

oPF106 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTACACTTTCCGCTTTT

TCTTGGGAAGCATGTGCTCAAATCCTCCACCTTGAT 

oPF107 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

GAATCTACCTTCTTCTCTCTCCAT 

oPF108 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTACGATAAAATTGAA

GCCCAATCTATCTCATAAGAAG 

oPF109 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

GGATCTCTTCGGTGGTG 

oPF110 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGAATTGGCCAG

TTTACTAATTGCATCCCAATC 

oPF111 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

AACTGCTTCTCTTTCTTTCCCTGTC 

oPF112 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGCTAGAATCGA

ATCCCAATCGATCTCGTA 

oPF113 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

AGCTGCTATGAATTTGTACACTTGTA 

oPF114 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGATTCGGACAAT

TTGCTAATCGCATCCCAAT 

oPF115 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

AGCCATAGATATGTTCAATAGCAACA 

oPF116 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTACCGTGAACTGAG

CCAAGCTGGGT 

oPF117 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTC

GAGTTTTTCTGCCGAGTGTTG 

oPF118 ATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAAGCTTGAGTTCA

AGGTTTTTGGAAGATTGTCC 

oPF119 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTC

AACGGGACAAGCGCC 
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oPF120 TGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGCAT

CATTTTGTCCCTGACTTCGATACCG 

oPF121 ATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAACCT

GTTGTGTGGTTTCCGTGATCCTC 

oPF122 GTTCTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAAT

GGCTAATCTTCCTCCTCCGCTCTCC 

oPF123 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACA

CTTTCCGCTTTTTCTTGGGATTCACAAACATATGAGCCAACCCTTGAG

GTG 

oPF124 GTTCTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAAT

GTCGGAAAACATGGTGAATCTACCGGATTCT 

oPF125 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACA

CTTTCCGCTTTTTCTTGGGGTTGTCCAGATTCTGAAGCAGCTGAATTC

GA 

oPF126 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

AGAGATTTCGACGGACCCGGT 

oPF127 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACG

CAGCGAGTACCAGAACTTTGATGG 

oPF128 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTC

TGAACATGTTATGGTTTTGGGTAAAGGTAACAAAG 

oPF129 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACC

TCAAATCCCTTGCATTCCAAACCATGAGA 

oPF130 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTC

TGAACATTTTATGGGCTTAAGCAAGATTAAGACAGAA 

oPF131 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAC

TTAAATCCTCAGCATTCCAAACGAAGAGGGA 

oPF132 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAT

AGTTGCTGTGGAATCTCTAGACACAAGCA 

oPF133 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACA

TCATGAGTGTAGAAAAGTACTGCTCAAACTCTTGATCA 

oPF134 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTACA

GCATTAGCGTTGAGAAGTATTGTTCAAATTCTTGATCA 
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oPF135 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACACCTGA

AGTGGAAGTGGATAACAACAACGAGAA 

oPF142 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATG

CATCATTTTGTCCCTGACTTCGATACCG 

oPF143 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CTGAACATGTTATGGTTTTGGGTAAAGGTAACAAAG 

oPF144 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CTGAACATTTTATGGGCTTAAGCAAGATTAAGACAGAA 

oPF147 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CGAGTTCTATGGAATGTT 

oPF148 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATA

TTTCAGCTGCTAAACCGAG 

oPF149 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CGAGTTTTTCTGCCG 

oPF150 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTACC

GTGAACTGAGCCAAG 

oPF151 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATG

GAGAGAGATTTTCTCGGGTTGGG 

oPF152 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAGG

TTGCAGAGCTGAGAGAAGAACT 

oPF153 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATG

GAGAGAGATTTTCTCGGGCTGG 

oPF154 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAGT

GCAGATGATGAGCTGGAGGAC 

oPF155 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CGTCGAGCAATGAAAATGCTAAGG 

oPF156 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTATA

GCCTTAGATCGAGATCTTTCGAACTTTGG 

oPF157 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CAACGGGACAAGCGCC 

oPF158 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAA

GCTTGAGTTCAAGGTTTTTGGAAGATTGT 
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oPF159 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGA

TCATCATCATCAAAAACTGCGACAAGC 

oPF160 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTATC

GGTAACGGTGGTAAGGGGAAG 

oPF161 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGA

AGCTACAGCAAAATTGTGACTTGGAA 

oPF162 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATC

GTCGTGAATGGTACGGTGAAGTAG 

oPF163 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATG

GAAAGAGATTTTCTGGGTTTGAGCG 

oPF164 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTATG

TAGGAGAAGTAGAAGAGTAATTCATTCCAC 

oPF165 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGT

CGAAAGCTACCATAGAACTCGATTTCC 

oPF166 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAGG

CCGATGTCGGATAGTAAGGAGA 

oPF167 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATG

GCTGAGGTAAACGGAGATTTCCC 

oPF168 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTCATG

TCACAATGGGGCTGGTTTC 

oPF169 GGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGA

CTAAGGTGAAAGATGAGCCACG 

oPF170 CAATGTATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCCTAAG

CAGTTGGAAATTCCTCCTTGATAGAGA 

oPF171 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

GAGAGATTTTCTCGGGTTGGG 

oPF172 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGA

GAGAGATTTTCTCGGGCTGG 

oPF173 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAT

CATCATCATCAAAAACTGCGACAAG 

oPF174 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAA

GCTACAGCAAAATTGTGACTTGGAA 
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oPF175 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGTC

GAAAGCTACCATAGAACTCGATTTC 

oPF176 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGC

TGAGGTAAACGGAGATTTCCC 

oPF177 CTGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGAC

TAAGGTGAAAGATGAGCCACGC 

oPF339 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCATGGAGC

CTCCTTTTGAAAGATCGAAACG 

oPF340 ATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGCTCCAT

TATACGAATCAATCGTCACTTCTTC 

oPF353 ATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGGTTCAC

TACACGCAGCTCTTCTCATC 

oPF354 TGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGGA

GAAGAAATTGAAATTGGCGTTAATAAGAG 

oPF355 TTTTTGGCTACTACACTTGAACGTATTGAGAAG 

oPF356 GGTGGCTTTACCAACAGTACCGGATTG 

oPF357 CAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCATGGCCCGCGCA

CGCCAG 

oPF358 TTCTTCTCAATACGTTCAAGTGTAGTAGCCAAAAAGGCGCCGGCGCC

GCTAGCGTTGGGCTCCATTTCTGGGGCTC 

oPF359 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAG

CCTCCTTTTGAAAGATCGAAACG 

oPF360 ATCTCAAAATTGATGGTATACAAGAACTAGAAGCTATCGAATTCGATA

GTGCTGGTAGTGCTG 

oPF361 GCACTACCAGCACTACCAGCACTATCGAATTCGATAGCTTCTAGTTCT

TGTATACCATCAATTTTGAGATC 

oPF364 CAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCATGGACTGTGAG

GTCAACAACGGTTC 

oPF365 TTCTTCTCAATACGTTCAAGTGTAGTAGCCAAAAAGGCGCCGGCGCC

GCTAGCGTCCATCCCATTTCTGGCTAAGCTC 

oLKPF026 GGCACCACCGACGCCGCGCACCCGGGTTAAGCGATCGCGTGATGCG

GTTTTGGCAGTACATCAATG 
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oLKPF027 TGAAATAAAAGACAAAAAGACTAAACTTACCAGTTAACGATCTGACGG

TTCACTAAACCAGCTC 

oLKPF036 ACCGATCCAGCCTCCGCGGCCCCGGTACCGTTAATTAACCACCATGG

ACTATGGCGGCG 

oLKPF037 CGCCCATTGATGTACTGCCAAAACCGCATCACGCGATCGCTTACTTG

TACAGCTCGTCCATGCCGAG 

oLKPF069 ACTCTCGGCATGGACGAGCTGTACAAGTAAGCGATCGCATTTTAAAA

GAAAAGGGGGGATTGGGGGG 

oLKPF070 CGCACCGCCCCTTCCCGGCCGCTGCTCTCGGCGCGCCCTGCTGAGC

AGCCGCTATTG 

oLKPF071 GGACTTTCCTACTTGGCAGTACATCTACGTAGCCCGGGCTTAATTAAC

GAAAAGTGCCACCTGACGTCTAAG 

oLKPF072 CGCCCATTGATGTACTGCCAAAACCGCATCACGCGATCGCCAGAAGC

TAGCTTATCGATGATAAGCTGTC 

oTBPF001 CGTTCGAGATCTGCGATCTAAGTAAGCTTGGCCACCATGAACATCCC

CGCTCTGGTGGAAAAC 

oTBPF002 CTCCCATTCATAAGTTCCATAGGATGGGCGGCCGCTTAGGCATAGTC

GGGGACATCATATGG 

oTBPF003 GCGGCCGCCCATCCTATGG 

oTBPF004 GGTGGCCAAGCTTACTTAGATCGCAG 

oTBPF009 ATAGCCCCTCAAAACTGGACCTTCCACAACGAGGTGGACATTACCTA

CGCCGAGTACTTCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF010 ATAGCCCCTCAAAACTGGACCTTCCACAACCACGGTAAAACCATGAC

CGAGAAGGAGATCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF011 ATAGCCCCTCAAAACTGGACCTTCCACAACCTGGACGGCGACGTAAA

CGGCCACAAGTTCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF012 ATAGCCCCTCAAAACTGGACCTTCCACAACACCCAGTCCAAGCTGAG

CAAAGACCCCAACCGGTGTTTCGTCCTTTCCACAAGATATATA 

oTBPF034 TTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCATGGTGA

GCAAGGGCGAGGAGG 

oTBPF035 CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACA

GCTCGTCCATGCCG 
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oTBPF036 CATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGATCCCTGTGGAA

TGTGTGTCAGTTAGGGTG 

oTBPF037 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGAGCTTTTTGCAAA

AGCCTAGGCCTCC 

oTBPF041 TTCTCATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGGGTTGCGC

CTTTTCCAAGGC 

oTBPF042 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGCTGGGGAGAGAG

GTCGGTGATTC 

oTBPF047 ATAGCCCCTCAAAACTGGACCTTCCACAACGCCAGAGCTTTTGGAAT

ACCTATCAGAGTAGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF048 ATAGCCCCTCAAAACTGGACCTTCCACAACGGGCACTCCCAATAATG

AAGTGTGGCCAGAGGTGTTTCGTCCTTTCCACAAGATATATAA 

 
Tab. 4: Designed gRNAs to target mRNA in this work. 

gRNA plasmid Target Sequence (5´à 3´) 
pTBPF003 Firefly luciferase GAGGTGGACATTACCTACGCCGAGTACTTC 

pTBPF004 Firefly luciferase CACGGTAAAACCATGACCGAGAAGGAGATC 

pTBPF005 eGFP CTGGACGGCGACGTAAACGGCCACAAGTTC 

pTBPF006 eGFP ACCCAGTCCAAGCTGAGCAAAGACCCCAAC 

pTBPF020 hCDK1 CCAGAGCTTTTGGAATACCTATCAGAGT 

pTBPF021 hCDK1 GGCACTCCCAATAATGAAGTGTGGCCAG 
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ARTICLE

Deconstructing and repurposing the light-regulated
interplay between Arabidopsis phytochromes and
interacting factors
David Golonka 1, Patrick Fischbach 2, Siddhartha G. Jena 3, Julius R.W. Kleeberg 1, Lars-Oliver Essen 4,
Jared E. Toettcher 3, Matias D. Zurbriggen 2* & Andreas Möglich 1,5,6,7*

Phytochrome photoreceptors mediate adaptive responses of plants to red and far-red light.

These responses generally entail light-regulated association between phytochromes and

other proteins, among them the phytochrome-interacting factors (PIF). The interaction with

Arabidopsis thaliana phytochrome B (AtPhyB) localizes to the bipartite APB motif of the A.

thaliana PIFs (AtPIF). To address a dearth of quantitative interaction data, we construct and

analyze numerous AtPIF3/6 variants. Red-light-activated binding is predominantly mediated

by the APB N-terminus, whereas the C-terminus modulates binding and underlies the dif-

ferential affinity of AtPIF3 and AtPIF6. We identify AtPIF variants of reduced size, monomeric

or homodimeric state, and with AtPhyB affinities between 10 and 700 nM. Optogenetically

deployed in mammalian cells, the AtPIF variants drive light-regulated gene expression and

membrane recruitment, in certain cases reducing basal activity and enhancing regulatory

response. Moreover, our results provide hitherto unavailable quantitative insight into the

AtPhyB:AtPIF interaction underpinning vital light-dependent responses in plants.

https://doi.org/10.1038/s42003-019-0687-9 OPEN

1 Lehrstuhl für Biochemie, Universität Bayreuth, 95447 Bayreuth, Germany. 2 Institute of Synthetic Biology and CEPLAS, Heinrich Heine University Düsseldorf,
40225 Düsseldorf, Germany. 3 Department of Molecular Biology, Princeton University, Princeton, NJ 08544, USA. 4Department of Chemistry, Center for
Synthetic Microbiology, Philipps University Marburg, 35032 Marburg, Germany. 5 Research Center for Bio-Macromolecules, Universität Bayreuth, 95447
Bayreuth, Germany. 6 Bayreuth Center for Biochemistry & Molecular Biology, Universität Bayreuth, 95447 Bayreuth, Germany. 7 North-Bavarian NMR Center,
Universität Bayreuth, 95447 Bayreuth, Germany. *email: matias.zurbriggen@uni-duesseldorf.de; andreas.moeglich@uni-bayreuth.de

COMMUNICATIONS BIOLOGY | (2019)2:448 | https://doi.org/10.1038/s42003-019-0687-9 | www.nature.com/commsbio 1

12
34

56
78

9
0
()
:,;



Appendix: Publications, Manuscripts 
 

128 

  

F irst discovered among the plant photoreceptors1, phyto-
chromes (Phy) sense red and far-red light to control a range
of physiological responses, including seedling germination,

shade avoidance, entrainment of the circadian clock, and the
transition from vegetative to reproductive growth2. Beyond plants,
Phys also occur in bacteria and fungi where they mediate chro-
matic adaptation and pigmentation among other processes3,4.
Receptors of the Phy family generally exhibit a bipartite archi-
tecture with an N-terminal photosensory core module (PCM) and
a C-terminal output module (OPM) (Fig. 1a). The PCM of
canonical Phys comprises consecutive PAS (Per/ARNT/Sim), GAF
(cGMP-specific phosphodiesterase, adenylyl cyclase, and FhlA),
and PHY (Phy-specific) domains and binds within its GAF
domain a linear tetrapyrrole (bilin) chromophore3,5 (Fig. 1b).
Phys of higher plants naturally employ phytochromobilin (PΦB),
covalently attached to a cysteine residue within the GAF domain,
but can be functionally reconstituted with phycocyanobilin (PCB)
of cyanobacterial origin. In darkness, conventional Phys adopt
their red-absorbing Pr state with the bilin chromophore in the 15Z
configuration; absorption of red light triggers rapid bilin iso-
merization to the 15E state and population of the metastable, far-
red-absorbing Pfr state (Fig. 1b). The Pfr→ Pr reversion occurs
thermally or can be actively driven by far-red light. Insight from
bacterial Phys illustrates that the Z/E isomerization is coupled to
refolding of the so-called PHY tongue, a protrusion of the PHY
domain, from a β-hairpin to an α-helix conformation, in turn
prompting quaternary structural rearrangements6–10. Bacterial
Phys mostly form part of two-component signaling cascades11
with OPMs acting as histidine kinases (HKs). By contrast, the Phy
OPMs of land plants comprise two PAS domains, PAS-A and
PAS-B, and a homologous HK-related domain that, however,
lacks key residues essential for function and is thus devoid of
HK activity. Rather, plant Phys have been reported to exhibit
serine/threonine kinase activity12,13. Plant Phys exert their biolo-
gical effects via light-regulated cytonucleoplasmic shuttling and
protein:protein interactions (PPIs), which manifest in transcrip-
tional responses and proteolytic degradation of cellular target
proteins14–16. As one prominent protein family, the so-called
phytochrome-interacting factors (PIFs) undergo light-regulated
PPIs with plant Phys and act as basic helix–loop–helix tran-
scription factors14,17–20 (Fig. 1c and Supplementary Fig. 1).

Arabidopsis thaliana possesses five Phys, denoted AtPhyA–E,
that engage with a set of at least eight PIFs, denoted
AtPIF1–814,17. For the arguably best-studied Phy, AtPhyB, pre-
ferential interactions of the Pfr state vs. the Pr state were iden-
tified with all eight AtPIFs14,17,21–23. Notably, the PCM of
AtPhyB is necessary and sufficient for red-light-activated and far-
red-light-reversible AtPIF binding19,24–26. Although a pioneering
study on the optogenetic use of AtPhyB reported that reversible
interactions with AtPIF6 required the presence of PAS-A and
PAS-B27, numerous later studies demonstrated that the PCM
suffices for photoreversible interactions with AtPIFs28–30. That
notwithstanding, the C-terminal OPM likely contributes to light-
regulated PPIs and is integral to eliciting physiological respon-
ses14,15. Likewise, the light-activated interaction with AtPhyB
maps to the weakly conserved APB (active phytochrome B
binding) consensus motif within the N-terminal region of AtPIF
orthologs that precedes the basic helix–loop–helix domain24 (Fig.
1d). The APB motif consists of two segments, termed APB.A and
APB.B, the first of which exhibits higher sequence conservation
(Supplementary Fig. 1) and dominates light-activated AtPhyB
binding as indicated by site-directed mutagenesis24. In the case of
AtPhyA, the isolated PCM also suffices for light-regulated inter-
actions with AtPIF1 and AtPIF3, which localize to the APA
motifs (active phytochrome A binding) of these PIFs, somewhat
C-terminal of the APB motifs31,32.

Early on, the light-regulated AtPhy:AtPIF PPI has been har-
nessed for the control of cellular processes in heterologous hosts
by red and far-red light25,27, an approach now known as opto-
genetics33. As manifold natural processes are intrinsically gov-
erned by PPIs, the AtPhy:AtPIF system provides a widely
applicable means for the bimodal control of cellular phenomena

Fig. 1 Architecture and function of plant phytochromes (Phy) and their
cognate phytochrome-interacting factors (PIFs). a Modular composition of
plant phytochromes. An N-terminal extension (NTE) is succeeded by the
photosensory core module (PCM) consisting of consecutive PAS, GAF, and
PHY domains, with a phytochromobilin (PΦB) chromophore covalently
bound as a thioether within the GAF domain. The C-terminal output module
(OPM) comprises two additional PAS domains (PAS-A and PAS-B),
succeeded by a histidine-kinase-related domain (HKRD). b In the dark-
adapted Pr (red-absorbing) state of the Phy, the PΦB chromophore adopts
its 15Z form. Red light drives isomerization to the 15E form to give rise to
the Pfr state (far-red-absorbing). Vice versa, far-red light drives the Pfr→ Pr
transition. c In their Pr state (red), plant Phys show no or at most weak
interactions with PIFs. Following red-light absorption, the Pfr state (brown)
is populated and affinity for the PIFs enhanced. d Modular composition of
PIFs. An N-terminal region of around 100 residues contains the so-called
APB motif that mediates interactions with phytochrome B. The APB motif
further subdivides into the ABP.A and APB.B segments24. Certain PIFs also
possess a more C-terminal APA motif engaged in interactions with
phytochrome A. The C-terminal part comprises a basic helix–loop–helix
(bHLH) DNA-binding domain. e Based on the N-terminal fragments of
Arabidopsis thaliana PIFs 3 and 6, a panel of PIF variants were generated and
probed for light-dependent protein:protein interactions with the PCM of A.
thaliana PhyB (cf. Supplementary Table 1 for a detailed description of these
derivatives).
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with supreme resolution in space and time34. As a case in point,
the expression of transgenes in yeast and mammalian cells has
been subjected to red-/far-red-light control via a two-hybrid
strategy25,35,36. To this end, a split transcription factor was
engineered with one component of the AtPhy:AtPIF pair con-
nected to a sequence-specific DNA-binding domain and the other
to a transcriptional trans-activating domain. Exposure to red light
prompts colocalization of the two entities and onset of expression
from synthetic target promoters. In another approach27,37,38, the
AtPhy:AtPIF pair conferred light sensitivity on plasma membrane
recruitment and cellular signaling cascades in mammalian cells.
Although details differ, optogenetic applications to date mostly
employ the isolated PCM of AtPhyB and the N-terminal 100
amino acids of AtPIF3/6, denoted P3.100 and P6.100, that com-
prise the APB motif.

Despite the eminent role of the AtPhy:AtPIF interaction in
nature and optogenetics, quantitative data on the interaction
strength and the underlying sequence determinants are scarce. To
fill this gap, we dissected and analyzed the light-dependent
interaction between AtPhyB and AtPIF3/6 by several qualitative
and quantitative approaches. Whereas the AtPhyB PCM bound
P6.100 with about 10 nM affinity in its Pfr state and showed no
detectable affinity in the Pr state, P3.100 exhibited weaker Pfr-
state affinity and elevated basal affinity in Pr. By deconstructing
AtPIF3/6 and engineering a wide set of shortened variants, we
pinpointed APB.A as decisive for light-regulated PPIs, with a
modulatory role for APB.B. Quantitative analyses informed the
construction of minimal AtPIF3/6 fragments of 25 and 23 resi-
dues, respectively, that retained stringently light-regulated PPIs
with AtPhyB. When deployed for the optogenetic control of gene

expression and membrane recruitment, the novel AtPIF variants
with a range of interaction strengths achieved stratified and
enhanced light responses.

Results
Deconstructing the AtPhyB:AtPIF interaction. Starting from
the AtPIF constructs P3.100 and P6.100, we generated numerous
derivatives with residues deleted from the N terminus, the linker
between the APB.A and APB.B segments varied, or either seg-
ment omitted or duplicated (Fig. 1e, Supplementary Table 1). All
AtPIF variants were C-terminally tagged with enhanced yellow
fluorescent protein (EYFP) to promote protein solubility and
facilitate concentration determination. We implemented a
screening assay to efficiently probe interactions of these variants
with the Pfr state of the AtPhyB PCM. The screen exploits the fact
that AtPIF binding stabilizes the Pfr state of AtPhyB and
decelerates the thermal reversion to the Pr state in the dark39
(Fig. 2a). For this assay, the AtPIF-EYFP variants were expressed
in Escherichia coli, purified AtPhyB PCM was added to the crude
cell lysate in substoichiometric amounts, and the Pfr→ Pr
reversion kinetics were monitored by absorption spectroscopy
(Fig. 2b, c). The initial kinetics were normalized to an EYFP-
negative control and provide a convenient readout for interac-
tions (Fig. 2d). Although qualitative in nature, this first screening
platform offers important advantages: (i) owing to the specificity
of the AtPhyB:AtPIF interaction, the assay can be conducted in
crude bacterial lysate, without the need for protein purification;
and (ii) it can be easily multiplexed to test many variants in a
single experiment.

Fig. 2 Screening AtPIF variants for protein:protein interactions with the AtPhyB PCM. a The light-adapted Pfr state (brown) of AtPhyB thermally recovers to
the dark-adapted Pr state (red) in a moderately paced reaction. When binding to an AtPIF variant, the recovery reaction is delayed. b AtPIF variants were C-
terminally tagged with EYFP, expressed in Escherichia coli, cells were lysed, and AtPhyB PCM was added to the crude lysate. Samples were exposed to red
light, and the recovery reaction was monitored over time by absorption measurements. c Normalized absorption of the AtPhyB PCM measured at 720 nm
after red-light absorption in the presence of P3.100 (red) or the EYFP-negative control (gray). d The initial rates of the recovery reaction were determined
and normalized to the reading obtained for the EYFP-negative control. Data indicate mean ± SEM of n= 3 independent biological replicates.
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A multiple sequence alignment of the N-terminal regions of
AtPIF1–8 delineates two regions of conservation that define the A
and B segments of the APB motif (Supplementary Fig. 124). The
APB.A segment shows stronger conservation and comprises
around 20 residues centered around the consensus core sequence
ELXXXXGQ24; by comparison, the APB.B region is considerably
shorter and less conserved. As the very N-terminal region
preceding APB.A varies substantially among the AtPIFs in length
and sequence, we deemed it non-essential for AtPhyB interactions
and removed it from P3.100 and P6.100. The resultant Px
variants (here and in the following, x= 3, 6) retained interaction
with the AtPhyB PCM, and all subsequent AtPIF variants were
thus based on these N-terminally truncated forms (Fig. 2d and
Supplementary Fig. 2). Next, we interrogated the linkage between
the constituent APB.A and APB.B segments, which is of
heterogenous length and sequence across AtPIF1–8. We gener-
ated a set of variants, including (i) Px.L1 and Px.L2 in which the
linkers of P3/P6 are shortened by 10 residues at their N and C
termini, respectively; (ii) Px.LP1 in which said linker is
substituted for the corresponding segment of AtPIF1, the shortest
among all AtPIFs; and (iii) Px.LS in which the linker is replaced
by a repetitive glycine–serine stretch of 10 residues. As gauged by
their effect on dark-reversion kinetics (cf. Supplementary Fig. 2),
all these variants still interacted with the Pfr state of the AtPhyB
PCM. These results imply that the linker connecting the APB.A
and APB.B segments is dispensable, which is confirmed in the Px.
fus variants that directly link these two segments without any
linker and still exhibit interaction with the AtPhyB PCM (cf.
Fig. 2d and Supplementary Fig. 2). To assess whether productive
AtPhyB binding mandates a specific topology of the APB
segments, we generated the variants Px.BA and Px.BAfus with
inverted sequential order of APB.A and APB.B, and the original
linker sequence kept or removed, respectively. Again, these
variants retained interactions with the Pfr state of the AtPhyB
PCM (cf. Fig. 2d and Supplementary Fig. 2). Site-directed
mutagenesis had previously ascribed a dominant role to APB.A
in mediating the light-dependent interaction with AtPhyB24, and
we hence probed the two segments of the composite APB motif
separately. Both the APB.A-containing variants Px.A and the Px.
As, with or without the N-terminal half of the respective linker,
still showed interactions with the AtPhyB PCM as judged by the
effect on dark-reversion kinetics (cf. Fig. 2d and Supplementary
Fig. 2). By contrast, neither the APB.B-based Px.B nor the Px.Bs
variants, with or without the C-terminal half of the linker,
respectively, exhibited interactions in this assay. Duplication of
the A part in the variants Px.AA and Px.AAfus preserved
interactions with the AtPhyB PCM, and vice versa, duplication of
the B segment in Px.BB and Px.BBfus failed to restore them (cf.
Supplementary Fig. 2). Taken together, our findings emphasize
the dominant role of APB.A for mediating interactions with
AtPhyB. To further characterize the APB.A segment, we
successively trimmed residues flanking its ELXXXXGQ core
sequence. However, even the removal of five weakly conserved C-
terminal residues in the variants Px.A19 abolished interactions
with AtPhyB, as judged by their inability to slow down the
AtPhyB-PCM Pfr→ Pr reversion kinetics (cf. Fig. 2d and
Supplementary Fig. 2). Likewise, no interaction with the AtPhyB
PCM was detected for more extensive truncations of the APB.A
segment (cf. Supplementary Fig. 2).

Biochemical analyses of the AtPhyB:AtPIF interaction. The
above screening platform affords a qualitative first-pass assess-
ment of the AtPIF variants but does not quantify the strength of
interactions with AtPhyB. Moreover, the assay is limited to
interactions within the Pfr state but not the Pr state. We hence

selected several of the above AtPIF candidates for in-depth ana-
lysis. Following expression and purification, we assessed the oli-
gomeric state of these variants and of the AtPhyB PCM by size-
exclusion chromatography (SEC). In its Pr state, the isolated
AtPhyB PCM elutes as a monomer with a minor homodimeric
fraction, consistent with a recent SEC analysis40 (Fig. 3a). In the
Pfr state, the predominantly monomeric state is maintained but
the retention from the SEC column is slightly delayed, which
arguably reflects light-induced conformational changes, i.e., a
compaction, of the PCM that may resemble those observed in
bacterial Phys6–8,10 (Fig. 3b). At a concentration of 10 µM, P3.100
and P6.100 largely eluted as homodimers with a minor mono-
meric population (Fig. 3c, Supplementary Fig. 3 and Table 1).
Dimerization is not caused by the EYFP tag as the fluorescent
protein itself eluted as a monomer (Fig. 3d, Table 1). Notably, the
homodimeric state of AtPIFs is also observed in nature and cri-
tical for their physiological function as basic helix–loop–helix
transcription factors41. Size reduction of the AtPIFs impaired
homodimerization in several variants to different extent

Fig. 3 Oligomeric state of the AtPIF variants and light-dependent
interactions with the AtPhyB PCM. a 50 µM AtPhyB PCM were exposed to
red light and analyzed by size-exclusion chromatography (SEC), where the
yellow and red lines represent absorption at 513 and 650 nm, respectively.
b As in a but the AtPhyB PCM was exposed to far-red light prior to
chromatography. c 10 µM P3.100-EYFP were analyzed by SEC. Elution
profiles were independent of illumination. d 10 µM of the negative control
EYFP were analyzed by SEC. Elution profiles were independent of light. e A
mixture of 10 µM P3.100-EYFP and 50 µM AtPhyB PCM was exposed to red
light and analyzed by SEC. f As in e but samples were illuminated with far-
red light, rather than red light. Experiments were repeated twice with
similar results.
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(Supplementary Fig. 3, Table 1). If the APB.A segment was
truncated, as in P3.A and P6.A, or excluded altogether, as in P3.
Bs and P6.Bs, homodimerization was lost completely. Taken
together, these findings point toward a contribution of the APB.A
segment to homodimerization of the current AtPIF variants and,
by extension, of the intact AtPIF3 and AtPIF6 proteins41.

We next investigated the interactions between the AtPIF3/6
variants and the AtPhyB PCM by SEC (Fig. 3e, Supplementary
Fig. 4 and Table 1). To this end, we first converted the AtPhyB
PCM to its Pfr state by illumination with red light (640 nm),
incubated it at a 5:1 molar ratio with the different AtPIF variants,
and analyzed the mixture by SEC. In full agreement with the first-
pass screening (cf. Fig. 2 and Supplementary Fig. 2), all variants
that we had identified as binding-competent exhibited interac-
tions with AtPhyB PCM at an apparent 1:1 stoichiometry. Vice
versa, the AtPIF variants that had failed to decelerate AtPhyB
reversion kinetics (cf. Fig. 2 and Supplementary Fig. 2) lacked any
interactions (Supplementary Fig. 4). We also assessed interactions
between the AtPIF variants and the AtPhyB PCM in the Pr state
following exposure to far-red light (720 nm) (Fig. 3f and
Supplementary Fig. 5). None of the variants showed interactions
under these conditions. Insofar red-light-activated binding to the
AtPhyB PCM had been retained in the truncated AtPIF variants,
far-red light hence abolished it.

Having engineered a suite of AtPIF variants undergoing light-
regulated PPIs with the AtPhyB PCM, we next sought to quantify
the strength of these interaction in both the Pr and Pfr states.
Notably, detailed quantitative data of that type are largely
unavailable but would tremendously improve our understanding
of the AtPhyB:AtPIF PPI and inform its optimization. To this end,
we resorted to fluorescence anisotropy measurements of the EYFP
moiety C-terminally appended to all the AtPIF variants. Binding of
a given AtPIF-EYFP variant to the AtPhyB PCM would increase its
effective hydrodynamic radius, slow down rotational diffusion, and
thus increase fluorescence anisotropy (Fig. 4a). We hence incubated
a constant 20 nM of the AtPIF-EYFP variants with increasing

amounts of AtPhyB PCM under red or far-red light and recorded
binding isotherms. The reference construct P6.100 exhibited strong
binding to the AtPhyB PCM under red light but no detectable
binding under far-red light even at AtPhyB-PCM concentrations of
2 µM (Fig. 4b). When calculating dissociation constants (KD), one
must consider that red light not only drives the Pr→ Pfr transition
of Phys but also the reverse Pfr→ Pr process. Consequently,
continuous illumination with red light (640 nm) leads to population
of a photostationary state with a mixed Pfr/Pr population at a ratio
of ~0.56/0.4442 (Fig. 4c). Correcting for the actual fraction in the Pfr
state, we determined a KD for the P6.100:AtPhyB-PCM pair of 10 ±
8 nM (Table 1). This value is in good agreement with an earlier
estimate for this pair of 20-100 nM within mammalian cells based
on fluorescence microscopy27. In comparison to P6.100, P3.100
exhibited a weaker KD of 200 ± 70 nM in Pfr and an elevated basal
affinity in Pr, with an estimated KD on the order of low micromolar
(Fig. 4d and Table 1). This residual interaction could in principle be
due to partial population of the Pfr state of the AtPhyB PCM under
the chosen illumination conditions; however, the absence of basal
affinity in case of P6.100 strongly argues against this notion. The
slightly weaker affinity and much less pronounced light effect in
P3.100 compared to P6.100 may account for the previously
reported inability to detect light-regulated interactions of AtPIF3
with the AtPhyB PCM in mammalian cells27. We then recorded
binding isotherms under red and far-red light for all the AtPIF
variants we had purified and analyzed by SEC (Supplementary
Figs. 4 and 5, Table 1). Consistent with our first-pass assessment (cf.
Fig. 2d and Supplementary Fig. 2), the removal of the non-
conserved N-terminal residues preceding the APB.A segment had
no influence on the Pfr interaction. Unexpectedly, omission of these
residues in the AtPIF3 context substantially attenuated the basal Pr-
state affinity. For the AtPIF3 variants, removal of the linker and the
APB.B part had no or at most modest effects on affinity to the Pfr
state (Supplementary Fig. 6, Table 1). By contrast, in AtPIF6, the
removal of the linker and the APB.B part more severely attenuated
the affinity to the Pfr state to values between 200 and 700 nM. In

Table 1 Biochemical analyses of the AtPIF3/6 variants.

Name Oligomeric statea AtPhyB-PCM interactiona,b Pfr state KD (nM)c Pr state KD (nM)c

P3.100 Homodimer + 200 ± 70 >2000
P6.100 Homodimer + 10 ± 8 n.d.
P3 Homodimer + 220 ± 40 >10,000
P6 Homodimer/monomer + 10 ± 7 n.d.
P3.fus Monomer + 270 ± 60 >10,000
P6.fus Homodimer + 200 ± 90 >10,000
P3.A Homodimer + 220 ± 40 >10,000
P6.A Monomer + 280 ± 100 >2000
P3.As Monomer + 680 ± 60 >10,000
P6.As Monomer + 710 ± 80 >10,000
P3.AA Homodimer + 370 ± 40 >3000
P6.AA Homodimer + 360 ± 40 >2000
P3.AAfus Homodimer/monomer + 230 ± 50 >10,000
P6.AAfus Homodimer/monomer + 230 ± 30 >10,000
P3.A19 Monomer − >1000 n.d.
P6.A19 Monomer − >2000 n.d.
P3.A14 Monomer − n.d. n.d.
P6.A14 Monomer − n.d. n.d.
P3.A8 Monomer − n.d. n.d.
P6.A8 Monomer − n.d. n.d.
P3.B Monomer − n.d. n.d.
P6.B Monomer − n.d. n.d.
EYFP Monomer − n.d. n.d.

n.d. not detectable
aAs determined by size-exclusion chromatography
bA “+” sign indicates that an interaction could be detected by size-exclusion chromatography, a “−” sign denotes that no interaction was observed
cAs determined by fluorescence anisotropy
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addition, the affinity to the Pr state, non-detectable for the variants
P6.100 and P6, increased as well. As a corollary, AtPIF3 and AtPIF6
variants lacking the APB.B segment exhibited closely similar KD
values for a given construct topology. As a case in point, the P3.As
and the P6.As variants, comprising 25 and 23 residues, respectively,
both interacted with the AtPhyB PCM with an affinity of ~700 nM
in the Pfr and weaker than 10 µM in the Pr state. These data for
P6As are consistent with a recent report that demonstrated light-
dependent PPI for an AtPIF6 construct of closely similar length and
sequence43. Duplication of the APB.A segments in the AtPIF3/6
backgrounds resulted in variants with affinities in the range of
200–400 nM for Pfr and weaker than 2 µM for Pr. We also analyzed
several AtPIF3/6 variants entirely lacking the APB.A segment or
possessing shortened versions of it, neither of which showed any
interaction with AtPhyB PCM when probed by SEC nor by their
effect on Pr reversion kinetics. In almost all these variants,
fluorescence anisotropy failed to detect interactions either (Supple-
mentary Fig. 6 and Table 1); merely, the P3.A19 and P6.A19
variants with C-terminally trimmed APB.A segments exhibited
weak affinity for the Pfr state in the low micromolar range
(Supplementary Fig. 6 and Table 1). In summary, these results
confirm the APB.A segment as the main interaction epitope in both
AtPIF3 and AtPIF6. Intriguingly, AtPIF6 differs from AtPIF3 by
higher affinity for Pfr and much reduced affinity for Pr. As the
removal of the APB.B segment largely cancels these differences, we

conclude that APB.B in AtPIF6, but not in AtPIF3, enhances the
affinity for Pfr and diminishes that for Pr. In AtPIF3, the N-
terminal amino acids contribute to elevated basal affinity for Pr.

Repurposing the AtPhyB:AtPIF interaction for optogenetics.
Through sequence variations and quantitative analyses, we gen-
erated modules for light-regulated PPIs spanning an affinity for
the Pfr state from around 10 to 700 nM. We next investigated
whether this set of novel AtPIF variants can be leveraged for
optogenetics in mammalian cells. In a first line of experiments, we
embedded the variants into a previously reported system for red-/
far-red-light-regulated gene expression that provides an in-cell
readout of relative PPI affinities36,44. To this end, the AtPhyB
PCM was covalently attached to a VP16 trans-activating domain,
and the different AtPIF variants were linked to the E-protein
DNA-binding domain, which binds to a cognate operator
sequence upstream of a minimal promoter driving expression of
secreted alkaline phosphatase (SEAP) (Fig. 5a). Through light-
induced AtPhyB:AtPIF interactions, the trans-activating domain
localizes to the DNA-binding domain and the promoter and
thereby induces SEAP expression. SEAP activity levels are
quantified and normalized to the levels of constitutively expressed
Gaussia luciferase to correct for variations of cell density, trans-
fection efficiency, and overall expression. We found that the
P3.100 and P6.100 reference constructs upregulated normalized
SEAP expression by tenfold and fourfold, respectively, under red
light compared to darkness when expressed in Chinese hamster
ovary cells (CHO-K1). The comparatively small regulatory effect
for P6.100 results from substantial basal SEAP expression. We
then subjected all the AtPIF3/6 variants we had previously
characterized to the same analysis (Fig. 5b, c and Supplementary
Fig. 7). Consistent with the above measurements, AtPIF variants
that lacked detectable interactions with the AtPhyB PCM, e.g., Px.
B and Px.A19, failed to stimulate reporter expression regardless of
illumination. By contrast, variants that exhibited interactions with
the AtPhyB PCM were generally capable of inducing SEAP
expression under red light, albeit to different degree. Overall, the
expression levels observed for the individual AtPIF variants scaled
with binding affinity, in that low measured KD values correlated
with strong SEAP activity. For instance, all AtPIF3/6 variants
containing the intact APB.A segment exhibited strong expression
under red light. Whereas P6.100 suffered from relatively high
basal expression, the shortened AtPIF6 derivatives generally
showed reduced SEAP expression in darkness, translating into
much more pronounced regulatory effects. For instance, in the
variant P6.A the SEAP expression increased by 43-fold under red
light relative to darkness. Duplication of APB.A in the variants
P6.AA and P3.AA elevated SEAP expression under red light and,
to lesser extent, in darkness, thereby enhancing the regulatory
effect. The overall higher SEAP expression under red light for
these variants could reflect the binding of two AtPhyB-VP16
modules to one Px.AA protein. However, we note that, under the
conditions employed for the SEC analysis, we did not find evi-
dence for simultaneous binding of two AtPhyB PCM entities to
the Px.AA variants. We also assessed the photoreversibility of the
gene-expression systems based on the AtPIF derivatives (Sup-
plementary Fig. 8). When the cells were first exposed to red light
for 24 h, followed by far-red illumination for another 24 h, they
exhibited basal SEAP expression levels comparable to cells
incubated in darkness throughout. Given that gene expression for
the different sequence variations followed similar trends in both
the AtPIF3 and the AtPIF6 backgrounds, we wondered whether
the emerging underlying principles extend to other AtPIF
orthologs. We hence generated the corresponding sequence var-
iations in the AtPIF1 background and assessed their impact on

Fig. 4 Quantitative analyses of the light-dependent protein:protein
interaction between AtPIF variants and the AtPhyB PCM. a In its Pr state,
the AtPhyB PCM exhibits weak or no affinity to AtPIF, but upon red-light
exposure, the affinity is enhanced. Binding to the AtPhyB PCM increases
the effective hydrodynamic radius of the AtPIF variants and slows down
rotational diffusion. In turn, the fluorescence anisotropy of an EYFP tag C-
terminally appended to the AtPIF increases. b Titration of 20 nM P6.100-
EYFP with increasing concentrations of dark-adapted (gray) or red-light-
exposed AtPhyB PCM (red), as monitored by anisotropy of the EYFP
fluorescence. Data points show mean of n= 3 biological replicates. The red
line denotes a fit to a single-site-binding isotherm. c Absorption spectra of
the AtPhyB PCM in its dark-adapted Pr state (red line) and as a Pfr/Pr
mixture following red-light exposure (blue). The dashed line denotes the
absorption spectrum of the pure Pfr state, calculated according to ref. 42. d
As in b but for P3.100-EYFP rather than P6.100-EYFP. Experiments were
repeated twice with similar results.
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light-regulated gene expression (Fig. 5d and Supplementary
Fig. 7). Several of the resultant AtPIF1 variants supported light-
activated SEAP expression, although generally with slightly atte-
nuated maximal levels and regulatory effects. Nonetheless, the
AtPIF1 variants conformed to the general activity pattern
observed for the AtPIF3/6 variants; specifically, only the AtPIF1
variants preserving an intact APB.A segment were capable of
upregulating SEAP expression under red light. Taken together,
these experiments demonstrate the utility of the cellular set-up for
the efficient appraisal of light-regulated PPIs in mammalian cells.
By capitalizing on this set-up, we obtained derivative systems
with enhanced dynamic range and reduced leakiness that out-
performed the original reference systems.

In a second set of experiments, we deployed several of the
newly generated AtPIF6 variants for light-regulated recruitment
of target proteins to the plasma membrane of NIH-3T3 cells. To
this end, we equipped the AtPhyB PCM with a C-terminal CAAX
prenylation motif for membrane targeting and the AtPIF6
variants with an N-terminal EYFP tag27,37,38 (Fig. 6a). Cell lines
stably expressing both the AtPhyB PCM and one of the AtPIF6
variants, linked by an internal ribosome entry site (IRES), were
created through lentiviral transduction. Cells were exposed to red
(650 nm) and far-red light (750 nm), respectively, and the
subcellular distribution of the EYFP-AtPIF6 variants was
monitored by fluorescence microscopy (Fig. 6b–e). Under far-
red light, the reference variant P6.100 mostly localized to the
cytoplasm, but under red light it partially translocated to the
plasma membrane (Fig. 6c–f). Whereas the variants P6.A, P6.As,
and P6.AA exhibited overall similar subcellular distribution
under red and far-red light as P6.100, the variant P6.fus failed to
show any light response of subcellular localization. Although
subtle performance differences between the individual AtPIF6
variants cannot be ruled out, these are exceeded by the cell-to-cell
variability of light-dependent translocation (Fig. 6f). Nonetheless,

the experiments show that the new AtPIF6 variants with a much
smaller footprint support light-regulated plasma membrane
recruitment at similar efficiencies as the reference P6.100. This
notion is further supported by the overall comparable expression
level of the AtPIF6 variants and its effect on the magnitude of
light-regulated membrane recruitment (Fig. 6g).

Discussion
In this study, we have dissected the light-regulated PPIs between
the AtPhyB PCM and the AtPIFs 3 and 6, which underpin diverse
adaptive responses in planta and multiple applications in opto-
genetics. To this end, we implemented a set of complementary
experimental approaches ranging from SEC and fluorescence
anisotropy to reporter assays in mammalian cells that deliver
both qualitative and quantitative information on the PPIs. At a
qualitative level, these assays consistently showed the APB.A
segment to be necessary and sufficient for AtPhyB-PCM inter-
actions, in line with previous reports24. By contrast, the APB.B
segment alone did not promote detectable interactions. Our
quantitative analyses put concrete numbers on the affinity of the
AtPhyB:AtPIF3/6 pairs, information that hitherto was largely
lacking. Strikingly, P6.100 exhibited a KD of only ~10 nM for
AtPhyB PCM in its Pfr state but entirely lacked interaction with
the Pr state, from which we estimate an at least 1000-fold affinity
difference. By contrast, the light dependence of the P3.100:
AtPhyB-PCM interaction was less pronounced, with dissociation
constants of ~200 nM in the Pfr state and low micromolar in the
Pr state. We tied the more stringent red-light response in AtPIF6
to its APB.B segment, which enhances affinity for the Pfr state of
the AtPhyB PCM while simultaneously attenuating basal affinity
for the Pr state. We speculate that these inherent differences
between AtPIF3 and AtPIF6 might reflect their natural roles in
planta. Whereas AtPIF3 predominantly serves as a negative reg-
ulator of photomorphogenesis by modulating the abundance of

Fig. 5 Harnessing the AtPIF variants for the light-dependent regulation of gene expression in mammalian cells. a The AtPhyB PCM and AtPIF variants are
connected to a VP16 trans-activating domain and an E-protein DNA-binding domain that binds to a synthetic promoter sequence. Red light promotes
association of the AtPhyB:AtPIF pair and thereby activates the expression of a secreted alkaline phosphatase (SEAP) reporter gene. b SEAP expression
was determined in Chinese hamster ovary cells (CHO-K1) for the diverse AtPIF6 variants and normalized to the constitutive expression of Gaussia
luciferase. Black and red bars denote mean ± SEM normalized SEAP expression for n= 4 independent biological replicates under dark or red-light
conditions, respectively. Cells were kept in darkness for 24 h, supplemented with PCB, and then either kept in darkness for 24 h or illuminated for 24 h
with 20 µmol m−2 s−1 660-nm light. As a negative control, the reporter construct alone was transfected. The numbers above the bars indicate the factor
difference between dark and red-light conditions for a given AtPIF6 variant. c As b but for the AtPIF3 variants. d As b but for the AtPIF1 variants.
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AtPhyB45–47, AtPIF6 acts as a positive regulator by inhibiting
hypocotyl elongation under red light, at least when over-
expressed48. To prevent untimely inhibition of hypocotyl growth,
a more stringent light response with very low basal affinity in Pr
may be required for this particular PIF. Recently, it has been
reported that PIFs, and in particular AtPIF3, are constantly
turned over both in darkness and under red light as a mechanism
of achieving optimal levels for tight regulation of the skotomor-
phogenic and photomorphogenic responses14. A more permissive
binding of AtPIF3 to the Pr state of AtPhyB as observed here
might facilitate the regulation of PIF abundance in darkness. This
concurs with reports that AtPhyB mediates phosphorylation by
PPK-family kinases and subsequent degradation of AtPIF3 in
both the Pr and Pfr states49. The differential affinities of the
individual PIFs might therefore contribute to the fine-tuning of
physiological responses14,49. In fact, our study now provides a
means of gradually adjusting the interaction strength of a given
PIF, which could benefit the analysis of signal transduction
mechanisms in planta. In a similar vein, the quantitative data on
the AtPhyB:AtPIF PPI may help rationalize the phenotypes of
pertinent pif mutant alleles. Finally, the comparatively smaller
regulatory effect in AtPhyB:AtPIF3, compared to AtPhyB:AtPIF6,
may explain why this PPI pair proved inferior for generic opto-
genetic applications27.

By deconstructing and quantitatively analyzing AtPIF3/6, we
devised a suite of interaction modules with several beneficial
traits (Table 1): First, the AtPIF variants span an affinity range
from 10 to 700 nM, thus enabling the precise tuning of light-
regulated PPIs as demanded by a specific application. Second, the
AtPIFs can be reduced to around 23–25 residues while largely
retaining light-regulated PPIs with the AtPhyB PCM. As we
demonstrate, the smaller size facilitates the construction of tan-
dem repeats of the APB.A motif, which, depending upon context,
may enhance light-dependent responses. Third, the reduction in
size also affected the oligomeric state of the AtPIFs, which are

homodimeric at full length41 but predominantly monomeric in
several of the truncated variants studied presently. As we
showcase for the scenarios of light-regulated gene expression and
membrane recruitment, the set of novel AtPIF variants can
indeed improve absolute activity and degree of light regulation in
optogenetics. As a case in point, despite stringently light-
regulated PPIs with the AtPhyB PCM, the original P6.100 variant
promoted substantial basal gene expression in darkness, thus
degrading the regulatory effect of light. We tentatively ascribe the
relatively poor performance of P6.100 to its high Pfr-state affi-
nity; even limited population of the AtPhyB Pfr state, e.g., due to
light pollution or temperature changes50, may hence activate the
PPI to considerable extent and over prolonged periods39. In
support of this notion, the attenuation of the Pfr-state affinity in
the shortened AtPIF6 variants led to reduced basal activity and
enhanced regulatory efficiency. Duplication of the APB.A seg-
ment improved the performance for light-regulated expression,
although the Pfr-state affinity of the Px.AA variants is almost
unchanged relative to the corresponding Px.A variants. We
hence ascribe this improvement to avidity and cooperativity
effects. Our analyses readily extended to the AtPIF1 context,
where shortened variants exhibited similar patterns of activity
and light regulation as the AtPIF3/6 variants (cf. Fig. 5b–d). We
speculate that the underlying principles can be generalized to
APB-containing PIF proteins from A. thaliana and other
plants51,52. The performance of individual AtPIF variants in a
given experiment can considerably vary and may be difficult to
gauge upfront, not least because it likely depends on application
context. We thus consider it an advantage to have now a set of
AtPIF variants with known interaction strengths and varying
properties. With this suite of AtPIF variants in hand, additional
processes may be unlocked for optogenetic control by red and
far-red light. As recently summarized53, numerous cellular
parameters and pathways depend on PPIs and can thus be
controlled by certain photoreceptors that associate or dissociate

Fig. 6 Photoreversible recruitment to the plasma membrane. a AtPhyB and one of the several new AtPIF6 variants, equipped with a C-terminal CAAX
prenylation motif or an N-terminal EYFP tag, respectively, were encoded on a bicistronic vector with an intervening IRES sequence and expressed in NIH-
3T3 cells. b Owing to the CAAX tag, AtPhyB localizes to the plasma membrane, while the EYFP-AtPIF6 variants shuttle between cytosol and plasma
membrane as a function of light. Under far-red light (750 nm), the EYFP-AtPIF6 variants exhibit cytosolic localization; under red light (650 nm), they can
bind to AtPhyB and translocate to the membrane. c–e Fluorescence micrographs of NIH-3T3 cells expressing AtPhyB-CAAX and different EYFP-AtPIF6
variants under far-red light (c), after red-light exposure (d), and after additional exposure to far-red light (e). The scale bar denotes 20 µm. f The relative
depletion of cytosolic EYFP fluorescence under red light compared to far-red light for the EYFP-AtPIF6 variants. Data represent mean ± SD of n≥ 12
individual cells. g Dependence of the relative fluorescence change on the overall EYFP-AtPIF6 expression level.
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under blue light. The underlying regulatory strategy should
readily extend to the present AtPhyB:AtPIF pairs and thereby to
red and far-red light. Other potential use cases for the new AtPIF
variants include immunoreceptor signaling30 and light-regulated
biomaterials54. As one shortcoming, optogenetic applications of
plant Phys currently require the exogenous addition of PCB or
PΦB chromophores, which do not widely occur outside cyano-
bacteria and plants. This contrasts with bacterial Phys, which
utilize biliverdin (BV) that is available in mammals as a heme
degradation product55–58. In particular, a recently described
bacterial Phy undergoes PPIs depending on red and far-red light
and has been harnessed for light-regulated gene expression59–61.
The reliance on BV in this system obviates exogenous chromo-
phore addition, which may prove advantageous for applications
in vivo.

In summary, we have constructed and characterized a toolkit of
novel AtPIF variants with varying interaction strength, size, and
oligomeric state. Beyond application in optogenetics, the avail-
ability of these variants also stands to benefit the biophysical
analyses of the Phy:PIF interaction. Although previous studies
had localized this interaction to the N-terminal extension of Phys,
atomically resolved information on the Phy:PIF complex is
lacking40,62–64. Minimized AtPIFs may well facilitate X-ray
crystallographic analysis and thus pave the way toward elucida-
tion of the complex structure. Moreover, the qualitative and
quantitative interaction assays presently established can be
deployed to chart Phys and interacting factors from A. thaliana
and other plants.

Methods
Molecular biology and protein purification. Genes encoding A. thaliana PhyB
PCM (residues 1–651), PIF3 (1–100), and PIF6 (1–100) were synthesized with
codon usage adapted for expression in E. coli (GeneArt, Invitrogen, Regensburg,
Germany). Via Gibson assembly65, the AtPhyB PCM was furnished with a C-
terminal hexahistidine tag and subcloned onto the pCDFDuet1 vector (Novagen,
Merck, Darmstadt, Germany) under control of a T7-lacO promoter; the plasmid,
designated pDG282, additionally harbors a bicistronic cassette of Synechocystis sp.
heme oxygenase 1 and pcyA66, also under the control of T7-lacO. For the
expression of AtPIF3/6, the corresponding genes were subcloned onto a pET-19b
vector (Novagen) under the control of a T7-lacO promoter by Gibson assembly or
AQUA cloning67 and thereby equipped with an N-terminal His6-SUMO tag68 and
a C-terminal EYFP tag, attached via a short linker (DSAGSAGSAG). For inter-
action studies in bacterial lysate, the AtPIF3/6 genes were subcloned onto a pET-
28c vector (Novagen) under the control of a T7-lacO promoter, again with C-
terminal linkers and EYFP. Variants of the AtPIF proteins were generated in both
plasmid contexts, and the identity of all constructs was confirmed by Sanger DNA
sequencing (GATC, Konstanz, Germany or Microsynth Seqlab, Göttingen,
Germany).

For AtPhyB expression, the plasmid pDG282 was transformed into the E. coli
BL21(DE3) strain. Transformant cells were grown in 2× 1000 mL terrific-broth
(TB) medium, supplemented with 100 µg mL−1 streptomycin, at 37 °C in darkness
until an optical density at 600 nm (OD600) of 0.6–0.8 was reached. δ-
Aminolevulinic acid was added at 0.5 mM to assist chromophore production69,
and the expression was induced by adding 1 mM β-D-1-thiogalactopyranoside
(IPTG). Cultivation continued overnight at 18 °C, before cells were harvested by
centrifugation, resuspended in lysis buffer [50 mM Tris/HCl pH 8.0, 20 mM NaCl,
20 mM imidazole; supplemented with protease inhibitor mix (cOmplete Ultra,
Roche Diagnostics, Mannheim, Germany)], and lysed by sonification. The cleared
lysate was purified by immobilized ion affinity chromatography (IMAC) on
Protino Ni-NTA 1mL columns (Macherey-Nagel, Düren, Germany) and eluted
with a linear imidazole gradient from 20 to 500 mM. Elution fractions were
analyzed by denaturing polyacrylamide gel electrophoresis (PAGE), where 1 mM
Zn2+ was added to enable detection of covalently incorporated bilin chromophores
via zinc-induced fluorescence70. Suitable fractions were pooled and dialyzed
overnight into AEX buffer (20 mM Tris/HCl pH 8.0, 50 mM NaCl, 5 mM 2-
mercaptoethanol), applied to a HiTrap Q HP 1mL anion-exchange column (GE
Healthcare Europe GmbH, Freiburg, Germany), and eluted using two successive
linear gradients from 50 to 300 mM NaCl and from 300 to 500 mM. Eluted
fractions were analyzed by PAGE, appropriately pooled, dialyzed against storage
buffer [10 mM Tris/HCl pH8, 10 mM NaCl, 10 % (w/v) glycerol], and stored at
−80 °C.

Purification of the AtPIF3/6-EYFP variants employed a similar protocol with
the following differences. No δ-aminolevulinic acid was added, and incubation
after induction continued at 16 °C for 40 h. Following IMAC, the N-terminal His6-

SUMO was cleaved overnight at 4 °C during dialysis into 50 mM Tris/HCl pH 8.0
and 20 mM NaCl using SENP2-protease. The His6-SUMO tag was removed by
IMAC, and the flow-through containing the AtPIF3/6 construct was collected and
analyzed by PAGE. Depending upon purity, the proteins were optionally further
purified by anion-exchange chromatography as described above. Pure AtPIF3/6-
EYFP variants were dialyzed into storage buffer and stored at −80 °C. An analysis
by denaturing PAGE of the purified AtPIF3/6-EYFP constructs and the AtPhyB
PCM is shown as Supplementary Fig. 9.

Spectroscopic analysis. The concentration of purified AtPhyB PCM and the
AtPIF3/6-EYFP variants were determined at 22 °C by absorption measurements
on an Agilent 8453 UV-visible spectrophotometer (Agilent Technologies,
Waldbronn, Germany). In case of the AtPIF3/6-EYFP variants, a molar
extinction coefficient at 513 nm of 84,300 M−1 cm−1 was used71. Photoreversible
Pr↔ Pfr conversion of AtPhyB PCM was ascertained by illumination with light-
emitting diodes (LED) with emission wavelengths of 650 ± 15 nm (5.6 µW cm−2)
and 720 ± 15 nm (0.7 µW cm−2), respectively. Spectra recorded after illumina-
tion revealed isosbestic points at 374 and 672 nm. Absorption spectra were also
recorded after denaturation in 6.5 M guanidinium hydrochloride. By referencing
to the previously reported extinction coefficient for PCB under these condi-
tions72, we calculated an extinction coefficient at the isosbestic point 672 nm for
AtPhyB PCM in its native state of 47,600 M−1 cm−1. The fraction of AtPhyB
PCM in the Pfr state upon saturating red-light illumination (640 nm) was
determined as described in ref. 42.

Interaction assay in bacterial lysate. pET-28c plasmids harboring AtPIF3-EYFP
or AtPIF6-EYFP variants were transformed into chemically competent BL21(DE3)
cells. Three replicate clones were used to inoculate 3× 5 mL TB medium supple-
mented with 50 µgmL−1 kanamycin. Cultures were incubated at 37 °C up to an
OD600 of 0.6–0.8, at which point temperature was lowered to 16 °C and expression
was induced by addition of 1 mM IPTG. Incubation continued overnight, and cells
were harvested by centrifugation at 3000 × g for 10 min. Pelleted cells were
resuspended in 300 µL lysis buffer [1× FastBreak Cell Lysis Reagent (Promega
GmbH, Mannheim, Germany), 10 µg mL−1 DNaseI (PanReac AppliChem,
Darmstadt, Germany), 200 µg mL−1 lysozyme (Sigma-Aldrich, Darmstadt, Ger-
many)] and rotated at 22 °C for 10 min. Cell debris was removed by centrifugation
at 186,000 × g for 45 min using an Optima MAX-XP Ultracentrifuge (Beckman-
Coulter, Krefeld, Germany). The concentration of a given AtPIF3/6-EYFP variant
in the lysate was determined by absorption measurements at 513 nm using a
CLARIOstar microtiter plate reader (MTP) (BMG Labtech, Ortenberg, Germany).
AtPhyB PCM at 2.5 µM concentration was mixed with a threefold molar excess of
the AtPIF3/6-EYFP variants in 384-well clear MTPs (Thermo Fisher Scientific,
Waltham, USA). After illumination with red light (650 ± 15 nm, 5.6 µW cm−2) for
4 min, the MTPs were covered with a clear lid, and absorption at 720 and 850 nm
was measured every 5 min at 28 °C in an Infinite M200 PRO plate reader (Tecan,
Männedorf, Switzerland) for 12 h. After background correction, data at 720 nm
were normalized to the signal of the L-EYFP (Supplementary Table 1) negative
control, and the relative initial velocity was determined over the data acquired
during the first 4 h.

Interaction assays with purified components. Size-exclusion chromatography:
The light-dependent interaction between AtPhyB PCM and the AtPIF3/6-EYFP
variants was assessed by gel filtration chromatography using a Superdex 200
Increase 10/300 GL (GE Healthcare) column on an ÄKTApure system, equipped
with multi-wavelength detection (GE Healthcare). To this end, a mixture of 50 µM
AtPhyB-PCM and 10 µM PIF-EYFP in 67 mM sodium phosphate buffer pH 8.0
and 200 mM NaCl was prepared and illuminated with 650- or 720-nm light for 2
min before sample application. Twenty-five microliters of this mixture was applied
to the column and separated at a constant 0.75 mLmin−1 flow rate. Absorption of
EYFP and the AtPhyB PCM was measured at 513 and 650 nm, respectively. All
proteins were also tested individually, where the AtPIF3/6-EYFP and EYFP sam-
ples were not illuminated prior to application.

Fluorescence anisotropy: AtPhyB PCM was illuminated with 640- or 750-nm
light for 2 min immediately prior to the experiment (640 ± 15 nm; 65 µW cm−2 and
750 ± 15 nm; 420 µW cm−2). Samples containing 20 nM AtPIF3/6-EYFP and
increasing AtPhyB-PCM concentrations between 0 and 10 µM were prepared in 20
mM HEPES/HCl pH 7.3, 10 mM NaCl, and 100 µg mL−1 bovine serum albumin,
transferred into black 384-well MTPs (Brand, Wertheim, Germany), and
illuminated with 640- or 750-nm light. Fluorescence anisotropy of EYFP
fluorophore was measured on a CLARIOstar MTP reader (BMG Labtech) with an
excitation wavelength of 482 ± 16 nm, a 504-nm long-pass dichroic filter, and a
detection wavelength of 530 ± 40 nm. The fluorescence gains for the horizontal and
vertical detection channels were adjusted to a fluorescence anisotropy value of
0.315, as determined for EYFP with an Olis DSM 172 spectrophotometer (On-Line
Instrument Systems, Bogart, USA). Anisotropy data were evaluated with the Fit-o-
mat software73 using a single-site binding isotherm:

r ¼ r0 þ r1
PhyB½ $

PhyB½ $ þ KD
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where r represents the anisotropy of the PIF-EYFP fluorescence, [PhyB] is
the concentration of the AtPhyB PCM in either the Pr or Pfr state, and KD is
the dissociation constant. For the case of strong binding exhibited by the
variants P6.100 and P6, we used a modified single-site binding isotherm that
takes into account that the relevant [PhyB] concentrations are on the same
order of magnitude as the constant concentration ctotal of the PIF-EYFP
protein:

r ¼ r0 þ r1=2 ´
n
1þ PhyB½ $=ctotal þ KD=ctotal

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ PhyB½ $=ctotal þ KD=ctotalð Þ2 % 4 PhyB½ $=ctotal

q o

Light-regulated gene expression in mammalian cells. The split transcription
factor system for light-controlled gene expression in eukaryotic cells was based on
a previously reported set-up36,44. To allow ratiometric analysis, this earlier set-up
was expanded by cloning the Gaussia luciferase under the control of a constitutive
promoter onto the same plasmid as the SEAP reporter gene. For testing of the
AtPIF variants, AtPIF6 (1–100) was replaced by the corresponding AtPIF1/3/6
derivatives. CHO-K1 (DSMZ, Braunschweig, Germany) were cultivated in HAM’s
F12 medium (PAN Biotech, Aidenbach, Germany; no. P04–14500) supplemented
with 10% (v/v) tetracycline-free fetal bovine serum (PAN Biotech; no. P30–3602;
batch no. P080317TC) and 1.4% (v/v) streptomycin (PAN Biotech; no.
P06–07100). In all, 5 × 104 CHO-K1 cells were transfected using polyethyleneimine
(PEI; Polysciences Inc. Europe, Hirschberg, Germany; no. 23966–1)74. DNA
(0.75 µg) was diluted in 50 µL OptiMEM (Invitrogen, Thermo Fisher Scientific) and
mixed with a PEI/OptiMEM mix (2.5 µL PEI solution in 50 µL OptiMEM). The
DNA–PEI mix was added to the cells after 15 min of incubation at room tem-
perature. At 4 h post-transfection, the medium was exchanged. CHO-K1 cells were
transfected with the reporter plasmid etr8-CMVmin-SEAP-BGH-SV40-Gaussia
(pPF035) and the different AtPhyB:AtPIF variants. All plasmids were transfected in
equal amounts (w/w). At 24 h post-transfection, the cells were supplemented with
15 µM phycocyanobilin (24 mM stock solution in DMSO; Frontier Scientific,
Logan, UT, USA; no. P14137) and incubated for 1 h. The cells were then illumi-
nated with 660-nm light for 24 h at an intensity of 20 µmol m−2 s−1, delivered by
custom-built LED light boxes36, or kept in darkness. As a negative control, the
reporter construct alone was transfected. Photoreversibility was tested by incu-
bating cells for 24 h under red light, followed by exchange of the media and
incubation under far-red light for 24 h. In parallel, cells were incubated in darkness
for 48 h with media exchange after 24 h. Exchange of media and other cell handling
was done under 522-nm safe light, to prevent inadvertent actuation of the light-
sensitive systems.

SEAP activity assay: The supernatant of transfected cells was transferred to 96-
well round-bottom MTPs and incubated at 68 °C for 1 h to inactivate endogenous
phosphatases. Afterwards, 80 µL of the supernatant were transferred to 96-well flat-
bottom MTPs, and per well 100 µL SEAP buffer [20 mM homoarginine, 1 mM
MgCl2, 21% (v/v) diethanolamine] was added36. After addition of 20 µL 120 mM
para-nitrophenyl phosphate, the absorption at 405 nm was measured for 1 h using
a BMG Labtech CLARIOstar or a TriStar2 S LB 942 multimode plate reader
(Berthold Technologies, Bad Wildbad, Germany)36. Outliers were statistically
determined and excluded75.

Gaussia luciferase assay: Twenty microliters of the supernatant of the
transfected cells were transferred to a 96-well white MTP and diluted in 60 µL
phosphate-buffered saline (PBS; 2.68 mM KCl, 1.47 mM KH2PO4, 8.03 mM
Na2PO4, 137 mM NaCl). After addition of 20 µL coelenterazine (472 mM stock
solution in methanol, diluted 1:1500 in PBS; Carl Roth, Karlsruhe, Germany, no.
4094.4), the luminescence was measured for 20 min using TriStar2 LB 941 or LB
942 multimode plate readers.

Light-mediated membrane recruitment in mammalian cells. For each AtPIF6
variant tested, a lentiviral vector (pHR) was constructed containing a membrane-
bound AtPhyB PCM (PHY-CAAX, residues 1–650) and a YFP-conjugated AtPIF6
variant. An IRES was introduced between the two coding sequences to ensure
regulation of dual expression. Lentivirus was created by transfecting HEK-293T
cells with pHR constructs and harvesting filtered media 48 h post-transfection.
Mouse fibroblasts (NIH-3T3) were cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing 10% (v/v) fetal bovine serum. Fibroblasts were treated with
lentivirus containing the constructs of interest. For all fibroblast experiments, cells
were cultured in a 96-well glass-bottomed plate. Wells were pretreated with
fibronectin for 30 min, following which fibronectin was aspirated and cells were
plated and spun down for 5 min at 800 rpm. Cells were plated in 96-well glass-
bottom plates and allowed to adhere for at least 12 h. Imaging was performed
using a ×60 oil immersion objective (NA 1.4) on a Nikon TI Eclipse microscope
with a CSU-X1 confocal spinning disk, an EM-CCD camera, and appropriate laser
lines, dichroics, and filters. DMEM was supplemented with phycocyanobilin 30
min prior to the start of the experiment. Cells were exposed to infrared light
followed by red light to cause membrane recruitment and the resulting change in
cytoplasmic fluorescence was measured using ImageJ by selecting a cytoplasmic
region and computing the average pixel intensity before and after photostimula-
tion. The change in cytoplasmic YFP-PIF level was normalized to the total YFP-

PIF fluorescence in the nucleus under infrared conditions, to normalize to total
expression level differences caused by lentivirus. In these experiments, light was
delivered through the microscope using a Mightex Polygon digital micromirror
device (DMD), X-Cite XLED1 LED light sources at 635 ± 20 and 730 ± 20 nm, and
a ×40 objective lens. The duration of LED illumination was 1 min. To estimate the
light dose delivered to the cell, we measured the light intensity using a ThorLabs
power meter (PM100D) when the DMD was set to 100% transmission and
obtained 100 µW for 635-nm light and 20 µW for 730-nm light, over a field of
view of about 100 µm squared. For all experiments, we set the DMDs to 5%
dithering (so each region was only illuminated for 5% of the time), translating into
a final calculated intensity of 5 µW 635-nm light and 1 µW of 730-nm light. The
light was delivered over an approximately 100 µm × 100 µm field of view, leading
to an overall LED power density of 50 mW cm−2 at 635 nm and 10 mW cm−2 at
730 nm. Notably, these values are slightly higher but of comparable magnitude to
those used by Pathak et al. for the AtPhyB:AtPIF3/6 system in the context of light-
regulated gene expression76.

Statistics and reproducibility. Data are reported as mean ± SD or as mean ± SEM
of n ≥ 3 biologically independent replicates. Details are specified in the legends to
the figures and tables. All experiments could be reproduced with similar results.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data underlying Figs. 2–6 are available in Supplementary Data 1. All data that
support the findings of this study are available from the corresponding author upon
reasonable request.
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Supplementary Information - Golonka et al. 
Supplementary Figures 
Supplementary Figure 1 

 

Sequence alignment of the N-terminal segments of the A. thaliana PIFs 1-8 according to Khanna 
et al.1 Red color marks the N-terminal methionine; violet and gray color indicate strictly conserved 
and moderately conserved residues, respectively. Boxes highlight the conserved APB.A (red) and 
APB.B (blue) segments.  
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Supplementary Figure 2 

 

The initial rates of the recovery reaction of the AtPhyB PCM following red-light exposure were 

determined in bacterial lysate in the presence of different AtPIF variants and normalized to the 

reading obtained for the EYFP negative control. Data indicate mean ± SEM of n = 3 independent 

biological replicates. See Fig. 2 for details.  
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Supplementary Figure 3 

 

Oligomeric state of the AtPIF variants. (A) 10 µM P6.100-EYFP were analyzed by size-exclusion 

chromatography, where the yellow lines represent the absorption at 513 nm. (B-U) As in (A), but for 

(B) P3; (C) P6; (D) P3.fus; (E); P6.fus; (F) P3.A; (G) P6.A; (H) P3.As; (I) P6.As; (J) P3.AA; (K) P6.AA; (L) 

P3.AAfus; (M) P6.AAfus; (N) P3.A19; (O) P6.A19; (P) P3.A14; (Q) P6.A14; (R) P3.A8; (S) P6.A8; (T) 

P3.B; (U) P6.B.  
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Supplementary Figure 4 

 

Light-dependent interactions of the AtPIF variants with the Pfr state of the AtPhyB PCM. (A) A 
mixture of 10 µM P6.100-EYFP and 50 µM AtPhyB PCM was exposed to red light and analyzed by 
size-exclusion chromatography, where the yellow and red lines represent the absorption at 513 and 
650 nm, respectively. (B-V) As in (A), but instead of P6.100-EYFP for (B) P3; (C) P6; (D) P3.fus; (E); 
P6.fus; (F) P3.A; (G) P6.A; (H) P3.As; (I) P6.As; (J) P3.AA; (K) P6.AA; (L) P3.AAfus; (M) P6.AAfus; (N) 
P3.A19; (O) P6.A19; (P) P3.A14; (Q) P6.A14; (R) P3.A8; (S) P6.A8; (T) P3.B; (U) P6.B; (V) EYFP. The 
schematics in the graphs indicate the composition of the AtPIF variants, with variants deriving from 
AtPIF3 and AtPIF6 shown in red and blue, respectively.  
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Supplementary Figure 5 

 

Light-dependent interactions of the AtPIF variants with the Pr state of the AtPhyB PCM. (A) A 
mixture of 10 µM P6.100-EYFP and 50 µM AtPhyB PCM was exposed to far-red light and analyzed 
by size-exclusion chromatography, where the yellow and red lines represent the absorption at 513 
and 650 nm, respectively. (B-V) As in (A), but instead of P6.100-EYFP for (B) P3; (C) P6; (D) P3.fus; 
(E); P6.fus; (F) P3.A; (G) P6.A; (H) P3.As; (I) P6.As; (J) P3.AA; (K) P6.AA; (L) P3.AAfus; (M) P6.AAfus; 
(N) P3.A19; (O) P6.A19; (P) P3.A14; (Q) P6.A14; (R) P3.A8; (S) P6.A8; (T) P3.B; (U) P6.B; (V) EYFP. The 
schematics in the graphs indicate the composition of the AtPIF variants, with variants deriving from 
AtPIF3 and AtPIF6 shown in red and blue, respectively.  
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Supplementary Figure 6 

 

Quantitative analyses of the light-dependent protein:protein interaction between AtPIF variants 
and the AtPhyB PCM. (A) Titration of 20 nM P3-EYFP with increasing concentrations of dark-adapted 
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(gray) or red-light-exposed AtPhyB PCM (red), as monitored by anisotropy of the EYFP fluorescence. 
Data points show averages of three biological replicates. The lines denote fits to single-site binding 
isotherms. (B-U) As in (A), but instead of P3-EYFP for (B) P6; (C) P3.fus; (D) P6.fus; (E) P3.A; (F) P6.A; 
(G) P3.As; (H) P6.As; (I) P3.AA; (J) P6.AA; (K) P3.AAfus; (L) P6.AAfus; (M) P3.A19; (N) P6.A19; (O) 
P3.14; (P) P6.14; (Q) P3.8; (R) P6.8; (S) P3.B; (T) P6.B; (U) EYFP.  
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Supplementary Figure 7 

 

Harnessing the AtPIF variants for the light-dependent regulation of gene expression in 
mammalian cells. (A) SEAP expression was determined for the diverse AtPIF6 variants and 
normalized to the constitutive expression of Gaussia luciferase. Black and red bars denote mean 
normalized SEAP expression ± SEM for n = 4 independent biological replicates under dark conditions 
or red light, respectively. The numbers above the bars indicate the factor difference between dark 
and red-light conditions for a given AtPIF6 variant. (B) As panel (A) but for the AtPIF3 variants. (C) 
As panel (A) but for the AtPIF1 variants.  
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Supplementary Figure 8 

 

Light-dependent regulation of gene expression in mammalian cells. The experiment was 
conducted as described in Fig. 5 but the cells were incubated in darkness for 48 h (black bars) or for 
24 h under 20 µmol m-2 s-1 660-nm light, followed by 20 µmol m-2 s-1 740-nm light for another 24 h 
(brown). (A) SEAP expression was determined for the diverse AtPIF6 variants and normalized to the 
constitutive expression of Gaussia luciferase. Bars denote mean normalized SEAP expression ± SEM 
for n = 4 independent biological replicates. (B) As panel (A) but for the AtPIF3 variants. (C) As panel 
(A) but for the AtPIF1 variants.  
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Supplementary Figure 9 

 

Analysis of the purified AtPIF3/6-EYFP proteins and the AtPhyB PCM by denaturing 
polyacrylamide gel electrophoresis.  
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Supplementary Tables 
Supplementary Table 1. Amino-acid sequences of the AtPIF variants used in this study. 

Name Sequencea 

P1.100 
MHHFVPDFDT DDDYVNNHNS SLNHLPRKSI TTMGEDDDLM ELLWQNGQVV 
VQNQRLHTKK PSSSPPKLLP SMDPQQQPSS DQNLFIQEDE MTSWLHYPLR 

P3.100 
MPLFELFRLT KAKLESAQDR NPSPPVDEVV ELVWENGQIS TQSQSSRSRN 
IPPPQANSSR AREIGNGSKT TMVDEIPMSV PSLMTGLSQD DDFVPWLNHH 

P6.100 
MMFLPTDYCC RLSDQEYMEL VFENGQILAK GQRSNVSLHN QRTKSIMDLY 
EAEYNEDFMK SIIHGGGGAI TNLGDTQVVP QSHVAAAHET NMLESNKHVD 

P1 
MDDDLMELLW QNGQVVVQNQ RLHTKKPSSS PPKLLPCMDP QQQPSSDQNL 
FIQEDEMTSW LHYPLR------------------------------------- 

P3 
MVDEVVELVW ENGQISTQSQ SSRSRNIPPP QANSSRAREI GNGSKTTMVD 
EIPMSVPSLM TGLSQDDDFV PWLNHH-------------------------- 

P6 
MDQEYMELVF ENGQILAKGQ RSNVSLHNQR TKSIMDLYEA EYNEDFMKSI 
IHGGGGAITN LGDTQVVPQS HVAAAHETNM LESNKHVD------------- 

P3.L1 
MVDEVVELVW ENGQISTQSQ SSRSRRAREI GNGSKTTMVD EIPMSVPSLM 
TGLSQDDDFV PWLNHH------------------------------------- 

P6.L1 
MDQEYMELVF ENGQILAKGQ RSNMDLYEAE YNEDFMKSII HGGGGAITNL 
GDTQVVPQSH VAAAHETNML ESNKHVD------------------------- 

P3.L2 
MVDEVVELVW ENGQISTQSQ SSRSRNIPPP QANSSRAREI GNGSKTTMTG 
LSQDDDFVPW LNHH--------------------------------------- 

P6.L2 
MDQEYMELVF ENGQILAKGQ RSNVSLHNQR TKSIMDLYEA EYNEDAITNL 
GDTQVVPQSH VAAAHETNML ESNKHVD------------------------- 

P3.LP1 
MVDEVVELVW ENGQISTQSQ SSRSRKPSSS PPKLLPCMDP QQQPSSDMTG 
LSQDDDFVPW LNHH--------------------------------------- 

P6.LP1 
MDQEYMELVF ENGQILAKGQ RSNKPSSSPP KLLPCMDPQQ QPSSDAITNL 
GDTQVVPQSH VAAAHETNML ESNKHVD------------------------- 

P3.LS 
MVDEVVELVW ENGQISTQSQ SSRSRDSAGS AGSAGMTGLS QDDDFVPWLN 
HH---------------------------------------------------- 

P6.LS 
MDQEYMELVF ENGQILAKGQ RSNDSAGSAG SAGAITNLGD TQVVPQSHVA 
AAHETNMLES NKHVD-------------------------------------- 

P1.fus MDDDLMELLW QNGQVVVQNQ RLHTKQNLFI QEDEMTSWLH YPLR------ 

P3.fus MVDEVVELVW ENGQISTQSQ SSRSRMTGLS QDDDFVPWLN HH-------- 

P6.fus 
MDQEYMELVF ENGQILAKGQ RSNAITNLGD TQVVPQSHVA AAHETNMLES 
NKHVD------------------------------------------------- 

P1.A MDDDLMELLW QNGQVVVQNQ RLHTKKPSSS PPKLLP--------------- 

P3.A MVDEVVELVW ENGQISTQSQ SSRSRNIPPP QANSSRAREI GN-------- 

P6.A MDQEYMELVF ENGQILAKGQ RSNVSLHNQR TKSIMDLYEA----------- 

P1.B MSMDPQQQPS SDQNLFIQED EMTSWLHYPL R-------------------- 

P3.B MGSKTTMVDE IPMSVPSLMT GLSQDDDFVP WLNHH---------------- 

P6.B MEYNEDFMKS IIHGGGGAIT NLGDTQVVPQ SHVAAAHETN MLESNKHVD- 

P1.As MDDDLMELLW QNGQVVVQNQ RLHTK--------------------------- 
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P3.As MVDEVVELVW ENGQISTQSQ SSRSR--------------------------- 

P6.As MDQEYMELVF ENGQILAKGQ RSN----------------------------- 

P1.Bs MQNLFIQED EMTSWLHYPL R-------------------------------- 

P3.Bs MMT GLSQDDDFVP WLNHH---------------------------------- 

P6.Bs MAIT NLGDTQVVPQ SHVAAAHETN MLESNKHVD------------------ 

P1.AA 
MDDDLMELLW QNGQVVVQNQ RLHTKKPSSS PPKLLPCMDP QQQPSSDDDD 
LMELLWQNGQ VVVQNQRLHT KMTSWLHYPL R-------------------- 

P3.AA 
MVDEVVELVW ENGQISTQSQ SSRSRNIPPP QANSSRAREI GNGSKTTMVD 
EIPMSVPSLV DEVVELVWEN GQISTQSQSS RSRFVPWLNH H--------- 

P6.AA 
MDQEYMELVF ENGQILAKGQ RSNVSLHNQR TKSIMDLYEA EYNEDFMKSI 
IHGGGGDQEY MELVFENGQI LAKGQRSNTN MLESNKHVD------------ 

P1.AAfus 
MDDDLMELLW QNGQVVVQNQ RLHTKDDDLM ELLWQNGQVV VQNQRLHTKM 
TSWLHYPLR--------------------------------------------- 

P3.AAfus 
MVDEVVELVW ENGQISTQSQ SSRSRVDEVV ELVWENGQIS TQSQSSRSRF 
VPWLNHH----------------------------------------------- 

P6.AAfus 
MDQEYMELVF ENGQILAKGQ RSNDQEYMEL VFENGQILAK GQRSNTNMLE 
SNKHVD------------------------------------------------ 

P1.BB 
MQNLFIQEDE KPSSSPPKLL PCMDPQQQPS SDQNLFIQED EMTSWLHYPL 
R----------------------------------------------------- 

P3.BB 
MMTGLSQDDD NIPPPQANSS RAREIGNGSK TTMVDEIPMS VPSLMTGLSQ 
DDDFVPWLNH H------------------------------------------ 

P6.BB 
MAITNLGDTQ VSLHNQRTKS IMDLYEAEYN EDFMKSIIHG GGGAITNLGD 
TQVVPQSHVA AAHETNMLES NKHVD--------------------------- 

P1.BBfus MQNLFIQEDE QNLFIQEDEM TSWLHYPLR----------------------- 

P3.BBfus MMTGLSQDDD MTGLSQDDDF VPWLNHH------------------------- 

P6.BBfus MAITNLGDTQ AITNLGDTQV VPQSHVAAAH ETNMLESNKH VD-------- 

P1.BA 
MQNLFIQEDE KPSSSPPKLL PCMDPQQQPS SDDDDLMELL WQNGQVVVQN 
QRLHTKMTSW LHYPLR------------------------------------- 

P3.BA 
MMTGLSQDDD NIPPPQANSS RAREIGNGSK TTMVDEIPMS VPSLVDEVVE 
LVWENGQIST QSQSSRSRFV PWLNHH-------------------------- 

P6.BA 
MAITNLGDTQ VVPQSHVAAA HEVSLHNQRT KSIMDLYEAE YNEDFMKSII 
HGGGGDQEYM ELVFENGQIL AKGQRSNTNM LESNKHVD------------- 

P1.BAfus MQNLFIQEDE DDDLMELLWQ NGQVVVQNQR LHTKMTSWLH YPLR------ 

P3.BAfus MMTGLSQDDD VDEVVELVWE NGQISTQSQS SRSRFVPWLN HH-------- 

P6.BAfus 
MAITNLGDTQ VVPQSHVAAA HEDQEYMELV FENGQILAKG QRSNTNMLES 
NKHVD------------------------------------------------- 

P1.19 MDDDLMELLW QNGQVVVQNQ--------------------------------- 

P3.19 MVDEVVELVW ENGQISTQSQ--------------------------------- 

P6.19 MDQEYMELVF ENGQILAKGQ--------------------------------- 

P1.14 MDDDLMELLW QNGQV------------------------------------- 

P3.14 MVDEVVELVW ENGQI------------------------------------- 
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P6.14 MDQEYMELVF ENGQI-------------------------------------- 

P1.8 MELLWQNGQ-------------------------------------------- 

P3.8 MELVWENGQ------------------------------------------- 

P6.8 MELVFENGQ--------------------------------------------- 

a Red color marks the N-terminal methionine; violet and gray color indicates strictly conserved 
and moderately conserved residues, respectively. 

 

Supplementary Reference 
1. Khanna, R. et al. A Novel Molecular Recognition Motif Necessary for Targeting Photoactivated 

Phytochrome Signaling to Specific Basic Helix-Loop-Helix Transcription Factors. Plant Cell 16, 
3033–3044 (2004). 
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Abstract (181 words) 

Through the last years a lot of different optogenetic tools were engineered and developed to 

control several cellular processes such as gene expression, protein localization and stability. 

One commonly used tool is the red-light induced phytochrome B based split transcription factor 

system. So far, this inducible tool is the only tool activated via red-light, which is a limitation for 

multi control of certain processes with one wavelength. Here, we present an alternative red-light 

inducible split transcription factor system based on phytochrome A (PhyA) and a novel screened 

light dependent interactor OPA. This system shows similar behavior, reversibility and sensitivity 

as the known PhyB based system but its fully orthogonal. As represented here, this tool is 

combinable with the PhyB system for an multi control of different processes via one wavelength. 

This approach is even separately controllable by using different red-light pulses to activate just 

one of the systems. As exemplified here, the novel PhyA based system is a fully inducible light 

switch and an expansion for the optogenetic toolbox which opens new possibilities in the multi 

pathway control with one wavelength. 

 

Introduction (407 words) 

 

Optogenetic tools are using light to regulate cellular processes in a minimally invasive manner and with 

a high spatiotemporal resolution. During the last years several different optogenetic switches controlled 

by several wavelengths has been engineered to control gene expression, protein stability and protein 

localization 1–4. However, the only red-light activated and one of the commonly used optogenetic 

switches is based on the interaction between Arabidopsis thaliana phytochrome B (PhyB) and the 

phytochrome interaction factor 3 or 6 (PIF3, PIF6) 3,5. Due to the ability to activate this system with red-

light and actively deactivate the system with far-red light, it offered new perspectives in the optogenetic 

control of cellular processes. It has been reported that this system was used successfully to control 

protein localization and gene expression to study complex pathways, growth factors, T-cell receptors 

and protein:protein interactions in different organisms such as plants and mammalian cells 1–3,5–8. 

Accordingly, we used this system to study the possible light dependent interaction between Arabidopsis 

thaliana phytochrome A (PhyA) and several potential interaction partners. Therefore, we could identify 
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one protein of unknown function (AT1G48770), from now on OPA, which is interacting with PhyA in a 

light dependent manner orthogonal to PhyB. PhyA is similar to PhyB, a chromoprotein that consists out 

of two domains. The N-terminal part includes a PAS (Per-Arnt-Sim), GAF, (cGMP-stimulated 

phosphodiesterase, Anabaena adenylate cylases, FhlA) which is binding the chromophore 

phytochromobilin, and a PHY (phytochrome) domain. The C-terminal part serves regulatory functions 

and consists of two PAS domains and a HKRD (histidine kinase-related domain) 9,10. Upon red- light 
illumination PhyA is changing its conformation, due to the isomerization of the chromophore 9, and can 

interact with OPA. On absorption of far-red light PhyA reverts back into the inactive state, which leads 

to disruption of the interaction. Based on these results we aimed to construct a red-light inducible split 

transcription factor system with similar ON and OFF kinetics as the PhyB system but with a different 

light sensitivity depending on a different interaction strength between PhyA and OPA. Since PhyB-PIF 

interactions are the only red-light inducible system in mammalian cells so far, an additional system 

working orthogonal to the PhyB system offers new perspectives in regulation of pathway components 

and their research. Moreover, we show that an update of the optogenetic toolbox with this novel red-
light inducible split transcription factor system, gives the possibility to combine two systems for the 

regulation and translocation of proteins with one wavelength. 

 

Results 
 

To analyze the light dependent interaction between Arabidopsis thaliana phytochrome A and several 

potential interactors, we designed a system similar to the known PhyB system 3 with PhyA fused to a 
viral trans activator VP16 and the potential interactor fused to the tetracycline repressor tetR (Fig.1a). If 

a light dependent interaction takes place, the trans activator comes to close proximity to the synthetic 

minimal promoter and induces transcription of the human placental SEAP as reporter. With this system, 

we screened 30 different Arabidopsis thaliana proteins for light dependent interaction with PhyA in 

mammalian cells (Fig.1b + Fig.S1a). The described system was therefore transfected into CHO-K1 cells, 

incubated for 24 h in dark and illuminated after supplementation of PCB (phycocyanobilin) with 20 µmol 

m-2 s-1 and 660 nm light for 24 h. Several potential interactors showed either no interaction (Fig1.b 

“PIM1b”) or light dependent interaction with a high leakiness in the dark with PhyA (Fig.1b ”FHY1”). 
However, one of these proteins (OPA) showed a light dependent interaction with PhyA in a similar 

strength in induction compared to the canonical PhyB system but with less leakiness in the dark (Fig.1b 

“OPA”). Based on this we started to analyze this interaction further. Since the structure of PhyA and B 

is quite similar, we checked for an interaction between OPA and PhyB in the same system as described 

before. Surprisingly, OPA showed no interaction with PhyB in a light dependent neither in a light 

independent manner (Fig.1c). This showed an orthogonal interaction to the PhyB system.  

 
To optimize the PhyA system, the impact of PhyA truncations and OPA truncations were determined. 

Similar to the PhyB truncation (amino acids 1-650) 3, PhyA was shortened directly after the PAS-GAF-

PHY domains (amino acids 1-617), what resulted in a loss of light dependent induction of SEAP 

expression (Fig.2b). Additionally, we truncated OPA to optimize the size of the interaction pair for further 

applications similar to PIF6 (amino acids 1-100). Therefore, the sequence and structure of OPA was 
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analyzed and showed a domain of unknown function (DUF1639; amino acids 125-176) at the C-terminus 

of OPA (Fig.2a). To determine if this domain is probably needed for an interaction with PhyA, we 

truncated OPA into two parts and analyzed the interaction as described before. Surprisingly, the N-

terminus of OPA (amino acids 1-90) without the DUF1639 showed a light dependent interaction and 

therefore induction of SEAP expression (Fig.2b), suggesting that the domain is not needed for an 

interaction with PhyA. To prove, if the loss of the DUF1639 also results in a loss of orthogonality, the 

interaction between PhyB and the OPA truncation (amino acid 1-90) was determined. As expected, 

PhyB showed still no interaction with OPA (Fig.2c).  

 

To characterize our optimized system, CHO-K1 cells were transfected as described above and 

incubated under increasing light intensities. SEAP expression reached full level already at a dose as 

low as 2.5 µmol m-2 s-1 (Fig.3a). This showed the high sensitivity of the system, which allows fully 

induction with a light puls of 2.5 µmol m-2 s-1 for 30 min. To evaluate the induction of SEAP expression 

over time we performed SEAP kinetic measurements in CHO-K1 cells. After introducing the PhyA 

system, CHO-K1 cells were illuminated for different time periods with 20 µmol m-2 s-1 red light and SEAP 

values were determined directly afterwards. Increased SEAP expression after 4 h suggest high induction 

of the system and constant expression over 24 h (Fig.3b). Additionally, to demonstrate the key 

advantage of a light inducible system, the removability from a biological system, light induced time-

resolved gene-expression was tested. Therefore, the system was introduced into CHO-K1 cells and 

illuminated with alternating cycles of red or far-red light (660 nm; 740 nm). The high expression levels 

under red-light and the basal levels under far-red light illumination suggest a full reversibility of the 

system (Fig.3c). 

 

To analyze the differences in interaction strength and sensitivity between the PhyB system and the PhyA 

system further, fluorescence anisotropy assays were done. 

 

Discussion (~380 words) 
 
The red/far-red light-switchable bi-stable PhyB mammalian gene expression system is so far the only 

red-light controllable expression system and used for several studies. Commonly it is used for gene 

expression control 3,11, light induced protein localization 12 and for pathway control 5. Moreover, the PhyB 

based system is superior to other light-inducible systems based on other wavelengths, because of the 

reversibility via far-red light, the deeper penetration into tissues of the used red-light and the sensitivity 

1,11. The system is combinable with other light systems 11 but since there are no orthogonal red-light 

systems available, activated by the same wavelength, combinations to control different cellular 

processes at the same time, like with blue-light 4 are not possible. To fill this gap of additional red-light 

inducible systems we engineered a phytochrome A based red-light split transcription factor system, 

which based on the interaction with a novel screened interaction partner OPA. This new red-light 

inducible optogenetic tool showed a high sensitivity and reversibility upon red or far-red illumination 

which meets every criterion of an optimal inducible system. Due to the reduced size of OPA, the system 

is compact and consists out of two plasmids. Although, the system is built up similar to the PhyB system, 
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the sensitivity and binding affinity differs. We successfully used these differences to activate the systems 

separately by red-light pulsing. Moreover, we combined the two red-light inducible systems to control 

two cellular processes with one wavelength and with the ability to deactivate both systems 

simultaneously with far-red light. Nevertheless, there are other optogenetic systems existing for instance 

based on bacterial phytochromes, which are activated by far-red light and which are compromising 

endogenous biliverdin instead of supplemented PCB13. But, as demonstrated, the PhyA based system 
showed a higher sensitivity and expressions levels superior to the bacterial phytochrome system 13. 

Taken together, we showed a phytochrome-based system, which can not only be used to control gene 

expression in a light dependent manner, it can also be used for studying light dependent interactions 

between phytochromes and potential interaction- or transcription factors. This demonstrates the tight 

linkage between basic research of light signaling pathways with the engineering of photoreceptor based 

optogenetic tools. Additionally, the new PhyA system shows a needed supplement for the optogenetic 

toolbox and important addition for the multi pathway control via one wavelength.  

 
Material and Methods 
 
Plasmid construction 

The design and construction of the expression vectors are described in table S1, S2. 

 

Cell culture, transfection, light induction 

Chinese ovary hamster cells (CHO-K1; DSMZ, Braunschweig, Germany) were cultivated in HAMs D12 
medium (PAN Biotech, Aidenbach, Germany; no.) supplemented with 10% (v/v) tetracycline-free fetal 

bovine serum (FBS; PAN Biotech; no. P30-3602; batch no. P080317TC) and 1.4% (v/v) streptomycin 

(PAN Biotech; no. P06-07100). Human embryonic kidney cells (HEK-293T; DSMZ, Braunschweig, 

Germany) and HeLa cells (HeLa; DSMZ, Braunschweig, Germany) were cultivated in Dulbecco´s 

modified Eagle´s medium (DMEM; PAN Biotech, Aidenbach, Germany; no. P04-03550) supplemented 

with 10% (v/v) tetracycline-free fetal bovine serum (FBS; PAN Biotech; no. P30-3602; batch no. 

P080317TC) and 1.4% (v/v) streptomycin (PAN Biotech; no. P06-07100). 5·104 CHO-K1, HEK-293T or 

HeLa cells were transfected using polyethyleneimine (PEI; Polysciences Inc. Europe, Hirschberg, 
Germany; no. 23966-1) as in 3. 0.75 µg DNA were diluted in 50 µL OptiMEM (Invitrogen, Thermo Fisher 

Scientific) and mixed with a PEI/OptiMEM mix (2.5 µL PEI solution in 50 µL OptiMEM). The DNA-PEI 

mix was added to the cells after 15 min of incubation at room temperature. 4 h post transfection the 

medium was exchanged. If not indicated otherwise, all plasmids were transfected with PhyA system 

together with the reporter plasmid (pPF086; pPF034 in equal amounts (w/w). 24 h post transfection the 

cells were illuminated with 660-nm light for 24 h with a light intensity of 20 µmol m-2 s-1 or kept in 

darkness. If not indicated otherwise, experiments were done in 4 biological replicates. For illumination, 
custom-built LED light-boxes with LED-panels emitting 660 nm were used 4. Exchange of media and 

other cell-handling was done under 522-nm, safe light, to prevent inadvertent actuation of the light-

sensitive systems. 

 

 



Appendix: Publications, Manuscripts 
 

156 

 
  

SEAP assay 

The supernatant of transfected cells was transferred to 96-well round-bottom plates and to inactivate 

endogenous phosphatases incubated at 68°C for 1 h. Afterwards, 80 µL of the supernatant were 

transferred to a 96-well flat-bottom plates, and per well 100 µL SEAP buffer (20 mM homoarginine, 1 

mM MgCl2, 21% (v/v) diethanolamine) was added 3. After addition of 20 µL 120 mM para-nitrophenyl 

phosphate, the absorption at 405 nm was measured for 1 h using a BMG Labtech CLARIOstar or a 
TriStar2 S LB 942 multimode plate reader (Berthold Technologies, Bad Wildbad, Germany) as in 3. 

Outlier were statistically determined and excluded as described in 14. 

 

Gaussia luciferase assay 

20 µL of the supernatant of the transfected cells were transferred to a 96-well white plate and diluted in 

60 µL phosphate-buffered saline (PBS; 2.68 mM KCl, 1.47 mM KH2PO4, 8.03 mM Na2PO4, 137 mM 

NaCl). After addition of 20 µL coelenterazine (472mM stock solution in methanol, diluted 1:1,500 in PBS; 

Carl Roth, Karlsruhe, Germany, no. 4094.4), the luminescence was measured for 20 min using a BMG 
Labtech CLARIOstar or a TriStar2 S LB 942 multimode plate reader (Berthold Technologies, Bad 

Wildbad, Germany). 

 

Fluorescence anisoptropy 

 

Statistical analysis 

All data analysis was performed using Microsoft Excel or GraphPad Prism 6. Statistical outlier was 
determined and excluded as described in 14.  
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Figure Descriptions 

 

Figure 1. Design, screening and orthogonality of the alternative red-light system 

(a) Design and function of the used red-light split transcription factor system. Arabidopsis thaliana 

phytochrome A (PhyA) is C-terminally fused to a virus-derived transactivator domain VP16 and 

separated by an IRES sequence from the potential interactors or OPA fused N-terminally to the 

tetracycline repressor domain (tetR). On the reporter, 13 repeats of tetO are upstream of a synthetic 

CMV minimal promoter followed by the gene of human placental SEAP. On a second ORF, Gaussia 

Luciferase is under the control of the constitutive SV40 promoter as a normalization element, to 

normalize differences in expression level or cell amounts. Upon red-light illumination, PhyA containing 

the chromophore PCB, changes its conformation into its active Pfr form which allows interaction with 

other proteins like OPA. Due to the binding of the tetracycline repressor to the specific sequence 

repeats, VP16 comes to close proximity of the minimal CMV promoter, if the protein is interacting with 

PhyA, and recruits the transcriptional machinery to induce expression of SEAP. This interaction can be 

actively disrupted by illuminating with far-red light which leads PhyA changing back to its inactive Pr 

form and stops the expression of SEAP. (b) Screening of potential interactors of PhyA. CHO-K1 cells 

were transiently transfected with the described reporter plasmid (pPF034) and the plasmids based on 

the red-light split transcription factor system containing Arabidopsis thaliana phytochrome A (PhyA) 
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(pPF007) and one of the potential interactors. Additionally, the published red-light split transcription 

factor system was also transfected as a control. Transfected cells were kept in dark for 24 h, 

supplemented and incubated for 1 h with 15 µM PCB and illuminated afterwards for 24 h with 660 nm 

and an intensity of 20 µmol m-2 s-1 (red bars) or kept in dark (black bars). SEAP values were determined 

and induction folds calculated of 4 replicates. (c) OPA showed orthogonal interaction with PhyA. CHO-

K1 cells were transfected with the reporter plasmid (pPF034) and either the PhyB system as a control 
or plasmids containing PhyA or PhyB together with OPA to check for a light dependent interaction 

(pPF013; pPF078). Transfected cells were kept in dark for 24 h, supplemented and incubated for 1 h 

with 15 µM PCB and illuminated afterwards for 24 h with 660 nm and an intensity of 20 µmol m-2 s-1 (red 

bars) or kept in dark (black bars). SEAP and Gaussia values were determined and SEAP was 

normalized with their Gaussia luciferase data. All experiments were done in 4 replicates and the error 

bars indicate standard deviation of the mean. 

 

Figure 2. Truncation and optimization of the PhyA/OPA system 
(a) Scheme of OPA truncation analysis. OPA has a C-terminal predicted domain of unknown function 

(amino acid 125 - 176) (DUF1679). To analyze necessity of this domain for a light dependent interaction 

with PhyA, OPA was truncated into two parts. The N-terminal part without the domain of unknown 

function and the C-terminal containing this domain. (b) Analysis of truncated PhyA and OPA variants. 

CHO-K1 cells were transfected with the reporter plasmid (pPF034) and the PhyA system as a control 

(pPF013) or plasmids containing the truncated versions of PhyA/OPA (pPF090; pPF086; pPF087). (c) 
Orthogonality is DUF1679 independent. CHO-K1 cells were transfected with the reporter plasmid 
(pPF034) and the optimized PhyA system (pPF086) or PhyB FL with OPA1-90 (pPF089). In (b) and (c) 
transfected cells were kept in dark for 24 h, supplemented and incubated for 1 h with 15 µM PCB and 

illuminated afterwards for 24 h with 660 nm and an intensity of 20 µmol m-2 s-1 (red bars) or kept in dark 

(black bars). SEAP and Gaussia values were determined and SEAP was normalized with their Gaussia 

luciferase data. All experiments were done in 4 replicates and the error bars indicate standard deviation 

of the mean. All plasmids were transfected in a molar ratio of 1:1 (w:w). 

 

Figure 3. Characterization of the alternative system 
(a) Dose-response curve for sensitivity analysis of the system. Transfected cells were illuminated with 

660 nm light and an intensity of 0, 2.5, 5, 10 and 20 µmol m-2 s-1 for 24 h. Afterwards SEAP production 

was quantified. (b) Expression kinetics of the system. Transfected cells were illuminated with 660 nm 

and an intensity of 20 µmol m-2 s-1. At the given timepoints (2 h, 4 h, 8 h, 24 h) the production of SEAP 

was determined (red line). Control cells were kept in dark for 24 h (black line). (c) Reversibility of the 

system. Transfected cells were supplemented every 24 h with fresh medium containing 15 µM PCB and 

illuminated with indicated wavelengths with an intensity of 20 µmol m-2 s-1. Expression of SEAP was 
measured every 24 h. SEAP values were normalized by values of constantly with 660 nm illuminated 

cells, to correct changes in gene expression depending on growth over time. (a-c) CHO-K1 cells were 

transfected with the reporter plasmid (pPF034) and the alternative optimized PhyA system (pPF086) in 

a molar ratio of 1:1 (w:w). Transfected cells were kept in dark for 24 h, supplemented and incubated for 
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1 h with 15 µM PCB before indicated illumination conditions. All experiments were done in 4 replicates 

and the error bars indicate standard deviation of the mean.  
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Supplements: 

 

Supplementary Table S1: Plasmids designed and used in this study. 

All plasmids were cloned using AQUA (source) or Gibson Cloning (source) 

Plasmid Description Reference or 

source 

pKM022 PSV40-PhyB1-650-VP16-NLS-IRES-tetR-PIF61-100-pA  

pPF001 PSV40-SpeI-PhyB1-650-EcoRV-VP16-NLS-IRES-tetR-BsrGI-PIF61-100-

AscI-pA 

pKM022 was amplified using oligos oPF001/oPF002 to add SpeI and 

AscI restriction site. PhyB1-650 was amplified from pKM022 with 

oPF003/oPF004 to add EcoRV restriction site. PIF61-100 was 

amplified from pKM022 with oPF005/oPF006 to add BsrGI restriction 

site. VP16-NLS-IRES-tetR was excised by EcoRV from pMZ1200. All 

fragments were assembled by AQUA cloning. 

This work 

pKM006 tetO13-PCMVmin-SEAP-pA  

pPF034 tetO13-PCMVmin-SEAP-pA-PSV40-Gaussia-pA 

pKM006 was linearized using HindIII and SpeI. BGH-pA was 

amplified using oligos oPF007/oPF008 from pKM528. PSV40 was 

amplified using oligos oPF009/oPF010 from pKM022. Gaussia was 

amplified using oligos oPF047/oPF048 from pKM083. All fragments 

were assembled by AQUA cloning. 

This work 

pPF007 PSV40-SpeI-PhyA-EcoRV-VP16-NLS-IRES-tetR-BsrGI-PIF61-100-

AscI-pA 

pPF001 was linearized by SpeI and EcoRV. PhyA was amplified from 
pMZ1160 by using oligos oPF025/oPF026. Both fragments were 

assembled by AQUA. 

This work 

pPF013 PSV40-SpeI-PhyA-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB2-AscI-
pA 

pPF007 was linearized by AscI and BsrGI. AAB2 was amplified using 

oligos oPF100/oPF101. Both fragments were assembled by AQUA. 

This work 

pPF086 PSV40-SpeI-PhyA-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB21-90-

AscI-pA 

pPF007 was linearized by BsrGI and AscI. AAB21-90 was amplified 
using oligos oPF353/oPF101 from pPF013. Both fragments were 

assembled by AQUA. 

This work 

pPF087 PSV40-SpeI-PhyA-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB291-180-

AscI-pA 

pPF007 was linearized by BsrGI and AscI. AAB291-180 was amplified 

using oligos oPF354/oPF100 from pPF013. Both fragments were 

assembled by AQUA. 

This work 
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pPF078 PSV40-SpeI-PhyB-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB2-AscI-
pA 

pPF009 was linearized by AsiSI and AscI. AAB2 was amplified using 

oligos oPF339/oPF340. Both fragments were assembled by AQUA. 

This work 

pPF090 PSV40-SpeI-PhyA1-617-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB2-

AscI-pA 

pPF013 was amplified using oligos oPF360/oPF361 and were 
assembled by AQUA. 

This work 

pPF089 PSV40-SpeI-PhyB-EcoRV-VP16-NLS-IRES-tetR-BsrGI-AAB21-90-

AscI-pA 

pPF009 was linearized by AsiSI and AscI. AAB21-90 was amplified 

using oligos oPF353/oPF359 from pPF013. Both fragments were 

assembled by AQUA. 

This work 

   

   

   

 
Supplementary Table S2: Oligonucleotides designed and used in this study. 

Oligo Sequence (5´à 3´) 

oPF001 TGTTCCAGATTACGCTGGCGCGCCTAAAAGCTTCGATCCAGACATGATAAGATAC 
ATTG 

 

oPF002 CGGAAACCATGGTGGGACTAGTCAATTCCGATCCGGGACCTGAAATAAAAGA 
 

oPF003 TCCCGGATCGGAATTGACTAGTCCCACCATGGTTTCCGGAGTCG 
 

oPF004 GCACTACCAGCACTACCAGCACTATCGAATTCGATATCACCTAACTCATCAATC 
CCCTGTTCCC 

 

oPF007 ACCTACAGCCCAGTGGCCTCGAGCTGCAGAAAGCTTCTTAAGCGACTGTGCCT 
TCTAGTTGCCAGC 

 

oPF008 GACACACATTCCACAGCCATAGAGCCCACCGCATCCC 
 

oPF009 GCGGTGGGCTCTATGGCTGTGGAATGTGTGTCAGTTAGGGTG 
 

oPF010 TTCGAAGTCATGGTGGGATATCGCAATTCCGATCCGGGACCTGAAATAAAA 
 

oPF047 TTTTATTTCAGGTCCCGGATCGGAATTGCGATATCCCACCATGGGAGTCAAAG 
TTCTGTTTG 

 

oPF048 TAAATTAATTAAGCGATCGCACTAGTGCGGCCGCTTAGTCACCACCGGCCCCCTTG 
 

oPF025 TTTGTCTTTTATTTCAGGTCCCGGATCGGAATTGACTAGTCCACCATGGATTCAG 
GCTCTAGGC 
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oPF026 GCACTACCAGCACTACCAGCACTATCGAATTCGATCTTGTTTGCTGCAGCGAGT 
TCCGC 

 

oPF100 atcatgtctggatcgaagcttttaggcgcgccttaagctccattatacgaatcaatcgtcacttcttc 
 

oPF101 ctggaggcggtggaagtggtggcggaggtagcgattgtacaatggagcctccttttgaaagatcgaaac 
 

oPF353 ATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGGTTCACTACACG 
CAGCTCTTCTCATC 

 

oPF354 TGGAGGCGGTGGAAGTGGTGGCGGAGGTAGCGATTGTACAATGGGAGAAGAA 
ATTGAAATTGGCGTTAATAAGAG 

 

oPF339 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCATGGAGCCTCCTTT 
TGAAAGATCGAAACG 

 

oPF340 ATCTTATCATGTCTGGATCGAAGCTTTTAGGCGCGCCTTAAGCTCCATTATACG 
AATCAATCGTCACTTCTTC 

 

oPF360 ATCTCAAAATTGATGGTATACAAGAACTAGAAGCTATCGAATTCGATAGTGCTG 
GTAGTGCTG 

 

oPF361 GCACTACCAGCACTACCAGCACTATCGAATTCGATAGCTTCTAGTTCTTGTAT 
ACCATCAATTTTGAGATC 

 

oPF359 GGCGGTGGAAGTGGTGGCGGAGGTAGCGATGCGATCGCTATGGAGCCTCCT 
TTTGAAAGATCGAAACG 

 

  

 

 
Figure S1. PhyA potential interactor screening 
Screening of potential interactors of PhyA. CHO-K1 cells were transiently transfected with the described 

reporter plasmid (pPF034) and the plasmids based on the red-light split transcription factor system 

containing Arabidopsis thaliana phytochrome A (PhyA) (pPF007) and one of the potential interactors. 

Additionally, the published red-light split transcription factor system was also transfected as a control. 

Transfected cells were kept in dark for 24 h, supplemented and incubated for 1 h with 15 µM PCB and 

illuminated afterwards for 24 h with 660 nm and an intensity of 20 µmol m-2 s-1 (red bars) or kept in dark 

(black bars). SEAP values were determined and induction folds calculated of 4 replicates. All 

experiments were done in 4 replicates and the error bars indicate standard deviation of the mean. All 

plasmid were transfected in 1:1 molar ratio (w:w). 
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Dual-controlled optogenetic 
system for the rapid down-
regulation of protein levels in 
mammalian cells
Julia Baaske1,2, Patrick Gonschorek1,2,8, Raphael Engesser2,3, Alazne Dominguez-Monedero4,  
Katrin Raute1,2,5, Patrick Fischbach6, Konrad Müller1,9, Elise Cachat4, Wolfgang W. A. Schamel1,2,7,  
Susana Minguet  1,2,7, Jamie A. Davies4, Jens Timmer2,3, Wilfried Weber1,2 & 
Matias D. Zurbriggen6

Optogenetic switches are emerging molecular tools for studying cellular processes as they offer 
higher spatiotemporal and quantitative precision than classical, chemical-based switches. Light-
controllable gene expression systems designed to upregulate protein expression levels meanwhile 
show performances superior to their chemical-based counterparts. However, systems to reduce 
protein levels with similar efficiency are lagging behind. Here, we present a novel two-component, 
blue light-responsive optogenetic OFF switch (‘Blue-OFF’), which enables a rapid and quantitative 
down-regulation of a protein upon illumination. Blue-OFF combines the first light responsive repressor 
KRAB-EL222 with the protein degradation module B-LID (blue light-inducible degradation domain) to 
simultaneously control gene expression and protein stability with a single wavelength. Blue-OFF thus 
outperforms current optogenetic systems for controlling protein levels. The system is described by a 
mathematical model which aids in the choice of experimental conditions such as light intensity and 
illumination regime to obtain the desired outcome. This approach represents an advancement of dual-
controlled optogenetic systems in which multiple photosensory modules operate synergistically. As 
exemplified here for the control of apoptosis in mammalian cell culture, the approach opens up novel 
perspectives in fundamental research and applications such as tissue engineering.

A common approach to study the function of a protein of interest in mammalian cells is to artificially manipulate 
its expression level. This approach is versatile, as it can be applied to most types of proteins, and simple, since no 
regulation mechanisms of the endogenous proteins need to be known or modulated.

Initially, chemical-based switches were used to manipulate expression levels by controlling transcription. Such 
systems are based on transcriptional activators or repressors, which alter their conformation and hence their tar-
get DNA-binding affinity upon interaction with specific small molecules. However, chemical-based switches have 
many limitations such as potential toxic or off-target effects of the regulatory small molecule, its poor or unpredict-
able diffusion through tissues and the difficulty of removing it from cells, tissues or organisms1. Optogenetic sys-
tems have the potential to overcome these limitations, creating great interest in implementing them in animal cell 
systems in culture and in vivo2,3. As optogenetic systems offer almost unlimited spatiotemporal resolution, dozens 
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of switches have recently been implemented for the control of a wide range of intracellular processes including pro-
tein localization4, activity5 and stability6,7, multi-wavelength gene-expression control8–11 and organelle motility12.

Optogenetic switches that control cellular protein abundance have in the last years shown much relevance 
and utility in biological research2. Most systems developed to date are based on the light-regulated induction of 
gene expression, some of which are reversible by illumination8, therefore allowing high temporal and quantitative 
control. Systems to reduce protein levels are, however, not as established. Currently, only few systems are capa-
ble of down-regulating protein levels6,13. However, none of the existing systems actively represses transcription 
which would contribute to an efficient and quantitative reduction of protein levels. To address this limitation, 
we envisioned that an optogenetic system that actively represses promoter activity and simultaneously targets 
protein stability would result in superior reduction of cellular protein levels in terms of rate and quantitative 
control. For this purpose, we have developed a novel dual-controlled optogenetic system (‘Blue-OFF’) that com-
bines transcriptional repression with regulation of protein stability, upon illumination with a single wavelength. 
The Blue-OFF system consists of two blue light-responsive protein modules: a novel, light-responsive repres-
sor, KRAB-EL222, and the protein degradation module B-LID6,9. Both components utilize light-oxygen-voltage 
(LOV) domains, which react to blue light illumination using a flavin mononucleotide (FMN) as chromophore. 
Blue light illumination induces an adduct formation between FMN and a cysteine in the LOV domain, which 
triggers a conformational change in the protein, changing its effector function14,15.

EL222 is a photosensitive transcription factor from the bacterium Erythrobacter litoralis. This transcription 
factor consists of a light sensitive LOV domain and a helix-turn-helix (HTH) DNA-binding domain, which can 
mediate light-induced transcription activation. In the dark, the LOV domain binds the HTH domain, preclud-
ing dimerization of the transcription factor and therefore no specific binding to a cognate DNA-sequence takes 
place. Blue light illumination disrupts the inhibitory LOV-HTH interactions and allows EL222 to homodimerize 
and bind specifically to the DNA sequence (C120). This interaction spontaneously reverses in the dark render-
ing EL222 inactive (τ ~ 11 s at 37 °C)16–18. EL222 has already been adapted for light controllable transcriptional 
activation in mammalian cells by fusing it to a virus-derived transactivator domain9. We demonstrate for the first 
time its use as light-inducible transcriptional repressor by fusing it to the KRAB transrepressor domain to inhibit 
transcription from a constitutive promoter19.

The B-LID module incorporates the LOV2 domain from Avena sativa phototropin 1 (AsLOV2). Illumination 
of AsLOV2 leads to an unwinding of the C-terminal Jα helix that is bound to the LOV core domain in the dark6. 
This structural change reverses spontaneously in darkness (τ ~ 80 s at 22 °C)6. This mechanism can be exploited 
by integrating small peptide tags in the C-terminal Jα helix which then are structurally hidden in the dark and 
are only exposed upon illumination. For the development of the B-LID module, the peptide sequence RRRG 
was fused to the Jα helix of AsLOV2 leading to the light inducible proteasome-mediated degradation of a linked 
protein6,7,15.

We present the combination of both modules in a single optogenetic system, which allows accurate con-
trol of protein production simultaneously on transcriptional and post-translational levels (Fig. 1a). This com-
binatorial approach enables a stronger, faster and longer-lasting reduction of cellular protein levels compared 
to the single modules, demonstrating the effectiveness of integrating repression on a transcriptional as well as 
a post-translational level. As a proof of principle, we have demonstrated the functionality of Blue-OFF with the 
reporter protein firefly luciferase and the mouse protein Caveolin-1 (CAV1). We show here that the Blue-OFF 
repression system can efficiently reduce protein expression levels, in different mammalian cell lines. Moreover, we 
developed a mathematical model to describe the activity of the Blue-OFF system which can hence be used for the 
experimental design by guiding the choice of irradiation conditions for obtaining desired repression levels. In line 
with these results, we further showed the applicability of the system for the optogenetic control of programmed 
cell death in mammalian cells by combining a drug-controlled caspase with the Blue-OFF system.

We present the first optogenetic repression system based on multiple photoreceptor modules that combines 
active repression with the control of protein stability and establish its use in a synergistic system. Taken together, 
our data highlight the advantages and strengths of this novel tool to complement the optogenetic toolbox.

Results
Design of a high-performance repression system by combining optogenetic modules. The 
optogenetic repressor module KRAB-EL222 was constructed by fusing a repressive KRAB domain, derived 
from the human kox-1 gene19, and two nuclear localization signals (NLS) to the N-terminus of EL222. The 
KRAB-EL222 module was cloned into an SV40 promoter-driven mammalian expression vector (pKM565) 
(Fig. 1a). As a light-regulated protein degradation system, we chose the B-LID system6. The functionality of 
both modules was assayed using a firefly luciferase (FLuc) reporter (pMZ1203), constructed to combine tran-
scriptional and post-translational regulation (Fig. 1a): Transcriptional regulation was achieved by placing the 
FLuc under the control of a constitutive SV40 promoter followed by five copies of the EL222-binding sequence, 
(C120)5, for binding of KRAB-EL222. Protein stability control was provided by fusing the B-LID degradation 
module C-terminally to FLuc. We first characterized the functionality of each module independently. The B-LID 
system was tested by replacing the EL222-KRAB module with the E-KRAB (pWW43) variant that cannot bind to 
(C120)5. To test the KRAB-EL222 module independently, a reporter similar to pMZ1203 but lacking the RRRG 
degradation sequence (pMZ1210) was constructed. HEK-293T cells were transfected with the indicated plasmids 
in a 1:1 (w:w) ratio, incubated in the dark for 16 h, and illuminated for 8 h with 20 µmol m−2 s−1 of 460 nm light 
(Fig. 1b). Cells transfected with the two control plasmids showed no difference in luciferase expression between 
illuminated and non-illuminated cells (Fig. 1b, ‘Non-regulated’). Cells transfected with only the KRAB-EL222 
system showed a 50% repression in cells illuminated for 8 h, compared to those kept in the dark, demonstrating 
the functionality of this new photosensitive repressor. Additionally, we engineered and tested a set of variants of 
this module, none of which showed any better repressive behavior (Fig. S1). Cells transfected with only the B-LID 
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Figure 1. Design and validation of the Blue-OFF system. (a) Mode of function and constructs. Expression of 
the reporter protein FLuc-B-LID is placed under the control of a SV40 promoter followed by five copies of the 
EL222-binding sequence, (C120)5. The photosensitive transcription factor EL222 is fused to an inhibitory KRAB 
domain and to two nuclear localization sequences (NLS). In the dark, KRAB-EL222 cannot bind to (C120)5. 
Upon blue light illumination, KRAB-EL222 dimerizes and binds to (C120)5 sequence inhibiting transcription. 
FLuc is fused to a B-LID module: in the dark the degradation peptide (RRRG) is docked to the LOV domain 
and thus covered. Blue light illumination exposes the peptide and leads subsequently to proteasome-mediated 
protein degradation. (b) Validation of the combined transcriptional and post-translational regulation. HEK-
293T cells were transfected transiently with either no blue light-sensitive regulation module (Non-regulated: 
pWW43 + pMZ1210), single regulation modules (KRAB-EL222 only: pKM565 + pMZ1210; or FLuc-B-LID 
only: pWW43 + pMZ1203) or both modules together for the Blue-OFF system (pKM565 + pMZ1203). The 
cells were kept either in darkness for 24 h (black bars) or for 16 h in the dark conditions and then illuminated 
with 460 nm light for 8 h (blue bars). FLuc levels shown here are normalized to their dark control. (c) Constructs 
of the CAV1-Blue-OFF system. In darkness CAV1 accumulates whereas under blue light illumination active 
repression of transcription and degradation leads to a net decrease of CAV1 levels. CAV1 knock out (KO) 
primary embryonic fibroblast cells were transfected with KRAB-EL222 and CAV1-B-LID (pJB013 and pJB023, 
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system showed 46% of the expression in non-illuminated cells. The dual-regulated system exhibited stronger 
repression, with only ~10% of the control levels of protein remaining. The level of down-regulation achieved is 
even stronger than a pure multiplicative combination of the two single modules. This result is due to nonlineari-
ties in the system and shows a synergistic effect of the two optogenetic modules (Fig. 1b, ‘Blue-OFF’). To extend 
the applicability of the dual-controlled Blue-OFF repression system we investigated its ability to down-regu-
late proteins other than reporters, e.g. Caveolin-1 (CAV1). CAV1 is the major component of endocytic caveolae 
plasma membrane invaginations and plays a critical role in normal tissue architecture and tumor progression20,21. 
In order to test the system, we employed the Blue-OFF system for controlling CAV1 levels (Fig. 1c). The plasmids 
contained EGFP as reporter to monitor transfected cells. The system was transfected in CAV1 knock-out (KO) 
mouse embryonic fibroblasts (MEFs). Cells were illuminated for 16 h with 2 µmol m−2 s−1 of 460 nm. CAV1 
expression levels were evaluated using immunofluorescence microscopy (Figs 1c, S2). As expected, CAV1-KO 
cells transfected with Blue-OFF and kept in darkness showed high expression of CAV1, whereas after blue light 
illumination, CAV1 levels significantly decreased but not co-expressed EGFP signals.

Following these results, we set out to characterize the kinetics of repression, to gain a better insight into the 
contribution of transcriptional and posttranslational regulation on performance of the dual-regulated Blue-OFF 
system. Cells were incubated for 16 h in the dark followed by 0, 2, 4 or 8 h of illumination prior to the determi-
nation of luciferase activity (Fig. 1d). The non-regulated, blue light-insensitive control system showed ongoing 
protein accumulation unaffected by illumination (black line). In contrast, protein accumulation was halted by 
controlling only transcription using KRAB-EL222 (purple line). The repression of transcription first became 
apparent on the protein level 2 h after illumination, when no further increase, but a slow decrease of protein accu-
mulation was observed. The 2 h delay is likely the result of ongoing translation from already synthesized mRNA 
during this time. In contrast, posttranslational control via protein degradation with the B-LID system showed 
a stronger and more immediate effect than transcriptional regulation (red line). The dual-regulated Blue-OFF 
system integrated the rapid, but temporally limited degradation effect of the B-LID system, with a delayed but 
persistent repressive effect of KRAB-EL222 to achieve a faster, stronger and longer-lasting repression (blue line). 
Furthermore, in contrast to the systems using a single optogenetic module, only the dual-controlled system 
achieved an absolute decrease in cellular protein levels after starting illumination. Our data demonstrates that 
the combination of transcriptional and posttranslational regulation in the Blue-OFF system results in a superior, 
light-induced down-regulation of a protein of interest.

Reversibility and versatility of the dual-controlled optogenetic Blue-OFF system. A key advan-
tage of light as an inducer is its high temporal precision and the reversibility of its application to a given bio-
logical system22. To evaluate reversible control of protein expression, HEK-293T cells expressing the Blue-OFF 
system were kept in darkness for 12 h, followed by a cycle of 12 h blue light illumination and 12 h darkness. Blue 
light illumination resulted in a 90% reduction of the protein level reached in darkness. Another 12 h of darkness 
allowed the protein levels to recover, demonstrating that the Blue-OFF system can control protein expression in 
a reversible manner (Fig. 2a).

To validate versatility, the Blue-OFF system was implemented in different mammalian cell lines. To this 
end, we expressed the system transiently in human embryonic kidney cells (HEK-293T), human cervical can-
cer cells (HeLa), chinese hamster ovary cells (CHO-K1), mouse embryonic fibroblasts (NIH/3T3) and monkey 
fibroblast-like cells (COS-7). Cells were kept in darkness for 16 h, followed by 8 h of blue light illumination. Blue 
light illumination resulted in a 70% to 90% decrease of reporter protein expression among the various cell lines, 
suggesting a high versatility and cross-species applicability of the Blue-OFF system (Fig. 2b).

Development of a quantitative model to describe the activity of the Blue-OFF system. To fur-
ther characterize the Blue-OFF system and its contributing modules, we developed a mathematical model based 
on ordinary differential equations (ODE) describing the time evolution of the concentrations of the involved 
substances. The model is parameterized using quantitative data on the time course and on the response to light 
intensity.
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respectively). After transfection cells were illuminated with 2 µmol m−2 s−1 of 460 nm light for 16 h. After 
fixation and permeabilization, cells were stained with an anti-CAV1 antibody followed by an AlexaFluor546-
labelled secondary antibody and nuclei were counterstained with DAPI. Cells were imaged by confocal 
microscopy. (d) Kinetics of the blue light regulation systems. HEK-293T cells were transfected as before and 
incubated in darkness for 16 h. Cells were then illuminated for 0, 2, 4 and 8 h with blue light. FLuc levels were 
measured at the indicated time points and are represented normalized to the values obtained after 16 h darkness. 
In b and c, data are means of four independent replicates and error bars indicate standard deviation of the mean.
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The Blue-OFF system is based on the light-induced conformational change of two proteins. On the one 
hand, the FLuc-B-LID switch exists in two conformations: FLucoff and FLucon. FLucoff is the form present in the 
dark with an inactive B-LID domain which is translated from FLucmRNA and degrades at the rate kdeg,const. By 
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Figure 2. Reversibility and versatility of the Blue-OFF system. (a) HEK-293T cells were transfected with 
KRAB-EL222 (pKM565) and FLuc-B-LID (pMZ1203).and kept in darkness for 12 h followed by 12 h blue light 
illumination and again 12 h darkness. FLuc levels were measured every 2 h. (b) Blue-OFF characterization 
using different mammalian cell lines. The indicated cell lines were transfected with KRAB-EL222 and FLuc-
B-LID. Cells were kept in darkness for 16 h followed by 8 h of 460 nm blue light illumination. FLuc levels were 
determined at the final time point. To correct for different transfection efficiencies, the expression data were 
normalized to co-transfected constitutively expressed Renilla luciferase (RLuc). In a and b, data are means of 
four independent replicates and error bars indicate standard deviation of the mean.
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Figure 3. Quantitative characterization of the behavior of the Blue-OFF system to calibrate the mathematical 
model. The model was calibrated using kinetic (a) and intensity dose response data (b). For the dose response 
HEK-293T cells were transfected with the Blue-OFF system. The cells were kept in darkness for 16 h after 
transfection and subsequently illuminated for 8 h with 0, 2.5, 5, 10, 15 and 20 µmol m−2 s−1 of 460 nm light. 
Shown is the relative reporter expression on a logarithmic scale. The dots indicate the experimental data points 
and the solid lines show the model simulation for the optimal parameter set. The shaded error bands are 
estimated by using an error model assuming a log-normally distributed error.
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illumination with blue light with the intensity I(t), the protein changes its conformation to FLucon and is availa-
ble for degradation via the proteasome. The parameter Km,deg describes saturation of the proteasome-dependent 
protein-degradation machinery. On the other hand, the light-inducible transcriptional repressor EL222-KRAB 
is in an inactive form in the dark, KRABoff. Upon illumination with blue light the conformation is changed to 
KRABon, which represses the transcription of the FLucmRNA. The FLucmRNA is produced with the constitutive tran-
scription rate ktranscript in the absence of EL222-KRAB. A detailed derivation of the model equations can be found 
in the Supplementary Information.

The model was calibrated by using the measured kinetics (Figs 1d and 3a) and light intensity ‘dose’-response 
data (Fig. 3b). The parameters were estimated by maximizing the likelihood function. The resulting fit is shown 
in Fig. 3. The model can explain the measured data, including the high synergistic repression in the combined 
system. An analysis of the calibrated model suggests as reason the saturation in the process of the B-LID induced 
protein degradation. In cells transfected only with the B-LID system the FLuc degradation is saturated whereas 
for the combined system the FLuc concentration is lower therefore not reaching saturation in its degradation. 
To assess the uncertainties of the estimated parameters, we calculated the profile likelihood of each parameter23. 
The detailed fitting process, estimated parameter values and their 95% confidence intervals are shown in the 
Supplementary Information. The parameter estimation and the profile likelihood analysis were performed with 
the Data2Dynamics framework24.

Implementation of the mathematical model to predict experimental outcomes. Next, we aimed 
to control the level of repression in a predictable manner by adjusting the illumination time and intensity using 
the calibrated mathematical model to predict the performance and operating range of the system. Figure 4a shows 
the predicted expression level of FLuc for different light intensities and illumination times. This map helps iden-
tifying the illumination conditions needed to obtain a desired reporter expression level.

Several experimental conditions were selected (A-F in Fig. 4a) and the reporter protein levels were compared 
to the values predicted from the mathematical model to test the applicability of the model to achieve a desired 
expression level by choosing the illumination time and light intensity (Fig. 4b). The uncertainties of the estimated 
model parameters lead to an uncertainty of the model prediction. To quantify this uncertainty in terms of predic-
tion confidence intervals, we analyzed the prediction profiles likelihood25 (Fig. 4b, colored boxes). The predicted 
expression levels (colored boxes) and the experimentally obtained expression levels (individual blue stars) show 
a strong correlation. These results indicate the applicability and usefulness of the model to determine conditions 
for experimental setups to achieve specific repression levels. Moreover, this shows the highly tunable repression 
levels of the Blue-OFF system by varying light intensity or illumination time.

Controlling programmed cell death using the Blue-OFF system. Finally, we set out to implement 
the Blue-OFF system to achieve light control over apoptosis in mammalian cells. For this purpose, we customized 
the tamoxifen inducible apoptosis-inducing caspase protein (Casp8-ER(T2)), previously described by Cachat 
et al.26. Caspase 8 is predominantly present as an inactive monomer, but upon addition of 4-hydroxytamoxifen 
(4-OHT) the ER(T2) domain brings about dimerization and activation, triggering apoptosis27. We integrated this 
module into the Blue-OFF system for blue-light control of caspase8 stability (Casp8-ER(T2)-Blue-OFF) (Fig. 5a). 
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Figure 4. Model-aided prediction of protein expression levels using the Blue-OFF system. (a) Simulated 
reporter expression for different light intensities and illumination times for characterizing the system. To 
validate if the model can be used to determine experimental conditions to obtain a desired protein level 
six combinations with different intensities and illumination durations were measured and compared to the 
model predictions (red circles). The colored filling in the red circles indicates the experimentally determined 
expression levels. (b) The means of four determinations for each combination are denoted with blue stars 
and the error bars are showing the standard error of the mean. The colored boxes show the 95% prediction 
confidence interval calculated by analyzing the prediction profile likelihood.
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HEK-293 cells transfected with Casp8-ER(T2) showed significant apoptosis upon induction with 4-OHT both in 
the dark or under blue light, whereas cells transfected with the Casp8-ER(T2)-Blue-OFF system were able to grow 
and form a monolayer under blue light (Fig. 5b).

Subsequently, a caspase 8 activity assay was performed in order to correlate the protective effect of the dual 
Blue-OFF system on cell survival with reduced activity of caspase 8. After addition of 4-OHT, a 7-fold increase 
in caspase 8 activity was observed (Fig. 5c) in cells transfected with the Casp8-ER(T2)-Blue-OFF system when 
kept in the dark compared to transfected cells without addition of 4-OHT. When illuminated with blue light a 
60% reduction in caspase 8 activity was observed (Fig. 5c), which is in line with the reduced cell death (Fig. 5b). 
As expected, blue light had no effect on caspase 8 activity in 4-OHT induced control cells transfected with 
Casp8-ER(T2). These results indicate that the Blue-OFF system can efficiently be used for the optogenetic control 
of programmed cell death in mammalian cells and opens up the possibility for the selective induction of apoptosis 
in specific cells by local illumination that is unachievable with diffusible drugs.

Discussion
The recent development of light-regulated synthetic molecular switches has considerably contributed to a better 
insight into the functions and characteristics of proteins in regulatory networks (www.optobase.org)28. A com-
mon function of these switches is to upregulate protein abundance in biological systems, their subcellular locali-
zation or their activity29. While there is a broad set of optogenetic tools available to upregulate protein expression, 
only few systems are available to reduce protein levels. Despite successful results in various experimental designs, 
these down-regulation approaches are not as efficient in terms of absolute reduction of protein levels.

To improve the efficiency of transgene expression control, transcription-translation networks have been devel-
oped. These dual approaches enable tighter control of protein expression, however until recently mainly relied on 
chemical switches13,30–33.

For this purpose, we engineered a dual-controlled optogenetic switch, Blue-OFF, that confers rapid and 
sustained, blue light sensitive down-regulation of protein expression levels by simultaneously targeting gene 
repression and protein stability. The novel blue light-responsive repressor KRAB-EL222 was combined with the 
protein degradation module B-LID constituting a system that can be regulated upon illumination with a single 
wavelength.

By combining both levels of regulation the Blue-OFF system outperforms existing down-regulation systems.
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Figure 5. Application of the Blue-OFF system for the control of programmed cell death. (a) Constructs of 
the Casp8-ER(T2)-Blue-OFF system. (b,c) Optogenetic control of programmed cell death in HEK-293 cells 
transfected with the Casp8-ER(T2)-Blue-OFF system. (b) HEK-293 cells transfected with the Casp8-ER(T2) or 
the Casp8-ER(T2)-Blue-OFF systems form a uniform monolayer under blue light exposure or in darkness in 
the absence of 4-OHT. Induction of caspase 8 activity upon 4-OHT addition leads to cell death in darkness (for 
Casp8-ER(T2) and Casp8-ER(T2)-Blue-OFF) and under blue light exposure for Casp8-ER(T2), whereas cells 
transfected with the Casp8-ER(T2)-Blue-OFF system show a higher survival rate under blue-light conditions, 
thus building a uniform cell monolayer. (c) Quantification of caspase8 activity. The figure shows the caspase 
8 activity of HEK-293 cells transfected with the Casp8-ER(T2) system (left) or the light-regulated Casp8-
ER(T2)-Blue-OFF system (right), in the presence and absence of 4-OHT and blue light. Values are mean of 
three independent experiments and error bars indicate standard deviation of the mean. Statistical significance 
between the tested conditions for each system is indicated with uppercase letters above each bar, where “A” 
significantly differs from “B”, “B” from “C”. One-way analysis of variance (ANOVA), P < 0.005.
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Efficient down-regulation of protein expression is instrumental in answering many biological questions. 
Biological systems are highly dynamic, thus, reversibility is a key feature of synthetic molecular switches to better 
understand biological processes. Therefore, light emerges as optimal superior inducer, since it can be applied and 
withdrawn from biological systems in a fully reversible manner. Here, we showed how protein down-regulation 
by the Blue-OFF system is fully reversible. Moreover, we were able to validate the functionality of the system in 
different cell types, which proves its broad applicability.

To quantitatively understand the underlying processes in light-inducible gene repression and protein degrada-
tion, we developed a quantitative mathematical model that was parameterized with the experimental data. Using 
this model, it is possible to set the experimental parameters (light intensity and illumination regime) for tuning 
the Blue-OFF for desired applications. Blue-OFF can, furthermore, easily be combined with other systems by 
placing the target site of the repressor modules KRAB-EL222 behind any endogenous or synthetic promoter and 
by fusing B-LID to any protein of interest. The Blue-OFF was successfully applied for the control of programmed 
cell death which opens up novel perspectives for creating cellular patterns with high spatiotemporal resolution. 
In the frame of the current development of strategies for engineering multicellular systems, the Blue-OFF system 
could contribute to synthetic tissue engineering approaches and the generation of complex 3D structures.

In conclusion, we have shown that the novel Blue-OFF optogenetic approach for controlling protein levels, 
acting simultaneously on transcriptional and post-translational levels, leads to a fast and strong reduction of the 
net level of the protein of interest. In addition, a model-based quantitative characterization of the system kinetics 
enables the rational adjustment of parameters to achieve desired repression levels. The strong repressive effect 
together with the predictive properties of the system constitute a powerful and versatile tool. For the future, we 
envision that this system will be used to answer fundamental biological questions and boost applications such as 
in tissue engineering.

Methods
Plasmids. The design and the construction of the expression vectors are described in Tables S2, S3.

Cell culture and transfections. Chinese hamster ovary cells (CHO-K1) were cultivated in HTS medium 
(Cell Culture Technologies) supplemented with 10% tetracycline-free fetal calf serum (FCS, PAN, cat. no.: P30–
3602, lot no.: P101003TC), 2 mM L-glutamine (Sigma), 100 U mL−1 penicillin and 0.1 mg mL−1 streptomycin 
(PAN). Mouse embryonic fibroblast cells (NIH/3T3), human embryonic kidney cells (HEK-293T), African green 
monkey fibroblast-like cells (COS-7), and human epithelioid cervix carcinoma cells (HeLa) were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM, PAN, cat. no. P04–03550) supplemented with 10% FCS (FCS, 
PAN, cat. no.: P30-3306, lot no.: P140204), 100 U mL−1 penicillin and 0.1 mg mL−1 streptomycin (PAN) at 37 °C 
with 5% CO2. For transfection, 30,000-75,000 cells per well of a 24-well plate were transfected using polyethyl-
enimine (PEI, linear, MW: 25 kDa, Polyscience) as describes elsewhere34. Unless otherwise indicated, cells were 
transfected with constructs comprising the light responsive repressor KRAB-EL222 (pKM565), FLuc-B-LID 
(pMZ1203) and as a control CMV driven Renilla Luciferase (RLuc) at a ratio of 20:20:1 (w:w:w), respectively.

Immortalized mouse embryonic fibroblasts (MEFs) were obtained from Caveolin 1-deficient mice (B6.
Cg-CAV1tm1mls/J35). Immortalization was induced by the simian virus 40 large T antigen (SV40-Tag). Cells 
were cultured in DMEM (1×) + GlutMAXTM (Gibco, cat. no.: 61965–026) supplemented with 10% fetal bovine 
serum (Gibco, cat. no.: 10270–106, lot no.: 42F9251K), 50 U mL−1 penicillin and 0.05 mg mL−1 streptomycin 
(Gibco, cat. no.: 15140–122) and 50 µM β-mercaptoethanol (Sigma). Transfections for MEFs were done using 
TransitX2 (Mirus, cat. no.: MIR6000). 70.000 cells were seeded in 12-well plates and transfected using 1 µg of 
DNA/3 µl TransitX2.

Human embryonic kidney (HEK-293) cells were maintained in DMEM (Gibco, cat. no.: 41966) supplemented 
with 10% fetal bovine serum (Biosera, cat. no.: FB1090/500, lot no.: 013BS145) in a humidified incubator at 
37 °C and 5% CO2. HEK-293 cells were harvested by trypsinization 24 h prior to transfection, and seeded at 
a density of 80.000 cells in 500 µl of complete medium per well on 24 well plates. Cells were transfected with 
lipofectamine 3000 (Invitrogen, cat. no.: L3000–008). Unless otherwise indicated cells were transfected with 
pTREX-BLID-mCherry-2A-myrcasp8-ER(T2), pKM565 or pTREX-myrCasp8-ER(T2)-IRES-mCherry. After 
24 hours, the medium was replaced by fresh growth medium.

Light induction. Cells were kept in darkness or were illuminated with 460 nm light for the indicated time 
periods at a photon flux density of 20 µmol m−2 s−1, unless indicated otherwise. Illumination was performed 
with light boxes similar to36 with LED panels emitting at 460 nm (LED Engin, cat. no.: LZ1-10B202-0000). All 
cell-handling involving the blue-light inducible systems was done under 628 nm light which does not affect the 
light-sensitive systems described here.

Reporter gene assay. Luciferase expression was quantified by lysing cells on ice with 250 µl luciferase lysis 
buffer (25 mM Tris/HCl, pH 7.8, 1% Triton X-100, 15 mM MgSO4, 4 mM ethylene glycol tetraacetic acid (EGTA), 
1 mM DTT) per well on ice for 15 min. 80 µl lysate was transferred to Costar® 96-well flat-bottom white plates 
(Corning Incorporated, Germany). Firefly and Renilla luciferase luminescence was directly monitored using 
either a Synergy 4 multimode microplate reader (BioTek Instruments Inc., Winooski, VT) or an Infinite 200Pro 
microplate reader (Tecan, Switzerland) after addition of 20 µl of either firefly luciferase substrate (20 mM Tricine, 
2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 0.52 mM ATP, 0.27 mM Acetyl-CoA, 5 mM NaOH, 264 µM 
MgCO3, 0.47 mM luciferin) or Renilla luciferase substrate (472 µM coelenterazine stock solution in methanol; 
diluted directly before use, 1:15 in PBS).



Appendix: Publications, Manuscripts 
 

174 

 
 
 
 
 
  

www.nature.com/scientificreports/

9SCIENTIFIC REPORTS |  (2018) 8:15024  | DOI:10.1038/s41598-018-32929-7

Immunofluorescence microscopy. Cells were fixed in 4% paraformaldehyde for 15 min at room tem-
perature and washed three times in PBS, permeabilized in 0.5% Triton X-100 for 15 min at room temperature, 
rewashed in PBS and blocked in PBS with1% BSA for 30 min at room temperature. Subsequently, cells were 
incubated overnight at 4 °C with the primary anti-Caveolin-1 antibody (1:200 in blocking buffer; BD biosciences, 
cat. no.: 610060). Following washing with blocking buffer, cells were incubated with AlexaFluor546-conjugated 
secondary goat anti-rabbit antibody (1:200 in blocking solution; Invitrogen cat. no.: A11035) for 2 h at 
37 °C, rewashed and mounted on microscopy slides in ProLong Gold Antifade Mountant containing DAPI 
(ThermoFisher; cat. no.: P36931).

Cells were imaged with Nikon Instruments Eclipse Ni-E with a C2+ confocal laser scanner (100× Plan Apo 
λ oil immersion objective, NA = 1.45). DAPI, GFP and AlexaFluor546 were visualized using excitation lasers of 
405, 488 and 561 nm and emission filters of 445/50, 525/50 and 660 nm LP, respectively. Image acquisition was 
performed with NIS-Elements AR (Nikon Instruments, version 4.20). Cells were defined as regions of interest 
according to their EGFP expression. Subsequently, mean fluorescence intensities of GFP and CAV1 signals were 
measured. Analyses were performed with Fiji37.

Induction of apoptosis. Transfected HEK-293T cells were kept in the dark or were exposed to blue light 5 h 
before treatment with 1 µM 4-Hydroxytamoxifen (4-OHT, Sigma, cat. no.: H7904) to induce apoptosis. Images 
were acquired 48 hours after induction with 4-OHT using a Zeiss Axio Observer D1 inverted microscope with 
AxioCam MRm and a 20x objective.

Caspase8 activity assay. Transfected HEK-293T cells were kept in the dark or were exposed to blue light 
3 h before treatment with 1 µM 4-OHT. All cells were detached 3 hours after induction with 4-OHT and centri-
fuged at 500 g for 10 min. The supernatant was discarded and cells washed with PBS. After centrifugation, cell 
pellet was resuspended in cold Lysis Buffer (10 mM Tris-Cl at pH 7.4, 100 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40, 
0.5% Triton X-100) and incubated for 10 min. The cell lysate was centrifuged at 10,000 × g for 3 min. In order to 
quantify the Caspase8 activity, 80 µl of the resulting supernatant were mixed with 80 µl of the Caspase-Glo® 8 
reagent (Promega) in 96 well flat bottom white microplates (LumitracTM 200, Greiner) for 20 min. Luminescence 
intensity was measured in RLU (relative luminescence units) with the BMG FLUOstar OPTIMA Microplate 
Reader.

Statistical analysis. One-way ANOVA with Tukey Pairwise Comparisons were performed using Minitab 
17 Statistical Software (2010). Unpaired t-tests were performed using GraphPad Prism 6. Outliers for statistical 
analysis of CAV1 intensities were determined and excluded as described in38.
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Development and calibration of the mathematical model 
In the following the mathematical model is derived and the calibration of the unknown model 

parameters by maximum likelihood estimation is described.  

 

1. Derivation of the model equations 

 
In order to quantitatively characterize the output of the blue OFF system we developed a mathematical 
model based on ordinary differential equations (ODE) describing the time evolution of the 

concentrations of the involved substances. Our system can be described as a biochemical reaction 

network. In the following we use mass action kinetics and enzyme kinetics to derive the model 

equations. 

 

The system depends on the light induced conformational change of two proteins. On the one hand the 

protein degradation module B-LID is fused to FLuc. The resulting FLuc-B-LID is present in two 

conformations: FLucoff and FLucon. FLucoff is the present form in the dark with an inactive B-LID 
domain. It is translated from FLucmRNA and degrades linearly with a constant rate. Under illumination 

with 460nm light FLucoff changes its conformation to FLucon and is available for active degradation via 

the proteasome. The light induced conformational change is reversed with a constant dark reversion 

rate. FLuc is under the control of the PSV40 promoter, which produces FLucmRNA at a constant rate. The 

FLuc protein is translated from the FLucmRNA in the OFF state. This leads to the following scheme: 

 
 
  
  
 
     
 
  
                     
 

 

 

The time dependent intensity of the light is denoted with I(t). The second light-controlled process is a 
conformational change of the repressor KRAB-EL222. Activated KRAB-EL222 is able to bind to the 

(C120)5  sequence and thus inhibiting the transcription of the FLucmRNA. 

  
 

   
 
 

 
                                               

 
 

 

The light induced conformational changes and the dark revision rates are chosen to be the same for 

both processes since both use the light-oxygen-voltage (LOV) domain for sensing 460 nm light. The 
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total amount of EL222-KRAB is assumed to be in steady state since it is produced and degraded with 

a constant rate. 

When translating these processes into mathematical equations using mass action kinetics and 

enzyme kinetics one obtains the following system of coupled and nonlinear ODEs: 

 

(1) 	
"#$%&'())*(,)

",
= −0"12,'456,#789:4;;* + 0,=>56?>,1[789:ABCD] − 045F(G)#789:4;;* + 04;;[789:45] 

(2) 	"[$%&'(H](,)
",

= −0"12,'456,[789:45] −
IJKL,MHJ[$%&'(H]

NO,JKLP[$%&'(H]
+ 045F(G)#789:4;;* − 04;;[789:45] 

(3)  	
"#NBDQ())*(,)

",
= −045F(G)#RSTU4;;* + 04;;[RSTU45] 

(4) "[NBDQ(H](,)
",

= +045F(G)#RSTU4;;* − 04;;[RSTU45] 

(5) "[$%&'OVWX](,)

",
=

IYZ[H\]ZM^Y	

_PIMH`,aVXb	[NBDQ(H]
c − 0"12,ABCD	[789:ABCD] 

      

 

The induced degradation via the proteasome in equation (2) is modelled with saturating Michaelis-

Menten kinetics. The maximal degradation rate is kdeg,ind. For FLucon = Km,deg the half of the maximal 

degradation rate is reached. The repressor KRAB has multiple binding sites on the DNA. To capture 

cooperative binding effects we included an exponent of two in equation (5). 

 
2. Estimation of the unknown model parameter by fitting to experimental data 
2.1. Maximum likelihood approach 

 

The mathematical model is calibrated with experimental data. To estimate the unknown model 

parameters, we used an approach based on the maximum likelihood. The equations (1)-(5) can be 

written in a vectorized form: 

 

(6) "

",
d(G) = e(d, f, g(G))         

 

The vector with the internal states d(G)hℝ5 contains the concentrations of the involved substances at 

the time point t. The function f is describing the reaction kinetics. The reactions are depending on 

model parameters p which are typically unknown. Additionaly, the system depends on a time 

dependent external input, i.e. the light intensity I(t), that is described by the function u(t). To obtain a 

unique solution of the system of ODEs one has to define an initial state dj = d(0).  

 

Usually the concentrations d(G)	 of the involved proteins cannot be measured directly. To map the 

internal states d(G) to the experimentally accessible observables l(G)	 we define the observation 

function m: 

 

(7) o(G) = m(d(G), p) + q(G)         

 



Appendix: Publications, Manuscripts 
 

179 

 
  

4 
 

In our system, the observation parameters s are scaling parameters. q(G) models the measurement 

error. A common error distribution for concentration measurements is the log-normal distribution[1]. 

The logarithm log(ou) of log-normal distributed data ou is normal distributed 

 

(8) log(ou) ~w(µy, z{) 
 

As error model, we assume the same variance z{ for all measured data points, which is estimated 

simultaneously with the dynamic parameters from the experimental data.  

Assuming one single experiment with only one observable we can now calculate the probability of the 

measured data set l| given a parameter vector } = (f, d~, p, z) 
 

(9) 8(l|, �) = 	∏ expÑÖÜáàÖâä
ãåçÜáàÖ2édé,äè,pèåå

c

{êc ë 	Cã
yíu 	  

 
ND is the number of data points and tj are the time points of measurement. When having multiple 

experiments with multiple observables the product of the single probabilities is giving the overall 

probability of the measured data  

 

(10)  8(l|, �) = ∏ 8u(lu|, �)u  

 
8(l|, �) seen as function of � for a given data set l| is called likelihood function. With this, one can 

define the maximum likelihood estimator �ì of the parameter set � 
 

(11)  }î = argmax
ò

(8(l|, �)) 

 

Instead of maximizing the likelihood L it is numerically advantageous to minimize  

(12)  −2öõú8 = ∑ ÑÜáàéâû
ãèçÜáàÖ2édé,äè,pèå

ê ë
{
+ 2w| logé√2†zè =: °A4"{ (�)Cã

yíu  

 
This is just the sum of the weighted squared residuals in logarithmic space °{(}) =

∑ ÑÜáàéâû
ãèçÜáàÖ2édé,äè,pèå

ê ëCã
yíu  with an additional term due to the error model. The optimal parameter set  

is then obtained by taking the minimum 

 

(13)  �ì = ¢£úmin
ò

( °A4"{ (�)) 

 

To assess parameter uncertainties in terms of confidence intervals one can calculate the profile 

likelihood[2] for each parameter }u 
 

θ̂
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(14)  °¶%	{ (}u) = min
òMßä

°A4"{ (}) 

The 95 % confidence interval can be calculated with  

 

(15)  ®F(}u) = {�|°A4"{ (�) − °A4"{ é�ìè < °{(95%, Ø∞ = 1)} 
 

where °{(95%, Ø∞ = 1) denotes the 95 %-quantile of a °{-distribution with one degree of freedom. 

 

2.2. Scaling invariances and initial concentrations 

 

In the following we describe the two experiments used for the calibration of the model and derive the 

used initial conditions. 

 

Since EL222-KRAB is not measured, the absolute concentration of EL222-KRAB is not accessible by 

the model. Scaling the concentration of EL222-KRAB by a factor α can be compensated by 

transforming the parameters  

kinh,KRAB     kinh,KRAB ⋅ α-2  

init_KRABoff     init_KRABoff ⋅ α  

init_KRABon     init_KRABon ⋅ α.  

 

The observations y(t) are invariant under these transformations. Since α is arbitrary we can set 

α = init_KRAB-1
off and therefore init_KRABoff = 1. The concentration of EL222-KRAB is then measured 

in multiples of the initial EL222-KRAB concentration in the OFF state.  

 

The same argumentation is possible for the FLucmRNA therefore we can set init_FLucmRNA = 1. In both 

experiments the cells were cultivated for 16 hours in the dark, therefore we assume that all KRAB and 

FLuc is in the OFF state at the start of the actual experiment. This leads to the initial concentrations: 

 

FLucoff(0) = init_FLuc 

FLucon(0) = 0 

KRABoff(0) = 1 

KRABon(0) = 0 

FLucmRNA(0) = 1 

 

2.3. Implementation of the single experiments 

 

Experiment 1: Kinetics 
In this experiment the cells were cultivated for 16 hours in the dark and then illuminated with blue light 

with the intensity I(t) = 20 μmol m-2 s-1. At 0, 2, 4 and 8 h after illumination the amount of FLuc was 

measured. As observation function, we used: 
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FLuc_obs(t) = [FLucon](t) + [FLucoff](t) 

 

without a scaling factor. This means the concentration scale of FLuc is determined by this experiment.  

 

The time course was measured for four different conditions: 

(i) with the full dual-controlled system, 
(ii) without light responsive KRAB,  

(iii) without light responsive FLuc, 

(iv) without any light responsive module. 

 

Condition (i) is the full system as described in equation (1)-(5). To implement the conditions (ii)-(iv) 

following parameter transformations were used 

 

(ii) kinh,KRAB = 0, 
(iii) kdeg,ind = 0,  

(iv) kinh,KRAB = 0 and kdeg,ind = 0. 

 

Experiment 2: Light intensity dose response 
In this experiment the system was incubated for 16 hours in the dark and then illuminated with 

different light intensities for 8 hours. The system was simulated for 8 hours for the different in the 

experiment applied light intensities. As observation function we used 
 

FLuc_obs(8 h) = scaleDR ⋅ ([FLucon](8 h) + [FLucoff](8 h)) 

 
The experimental conditions were the same as in Experiment 1.  

 

 

2.4. Fitting results 

 

In total twelve parameters were fitted to the experimental data shown in Figure 3. The fitting and 

uncertainty analysis was performed with the Data2Dynamics framework[3]. 

 
The ODEs were simulated numerically with the CVODES integrator of the SUNDIALS suite[4]. As 

optimization algorithm to minimize °A4"{ (�) we used a trust region algorithm implemented in the 

MATLAB function lsqnonlin with user supplied sensitivities[5].  

 

The parameters were fitted on a logarithmic scale, this improves convergence since the parameter 

space is scanned over orders of magnitude and only positive parameter values are possible. To find 

the global optimum we performed 1000 optimization runs with randomly sampled initial parameter 
guesses. More than 98 % of these converged to the same lowest minimum (Supplementary Figure 

S3). This is a very strong indication that the global optimum was found. The parameter values of the 
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best fit are shown in Supplementary Table S1, the corresponding model curves describing the fitted 

data are shown in Figure 3. The shaded error bands are showing one standard deviation of the 

estimated error model, which assumes a normal error on the logarithmic scale.  

 

The calculated likelihood profiles are shown in Supplementary Figure S4. The corresponding 95 % 

parameter confidence intervals are denoted in Supplementary Table S1. All parameters expect of kon 

and koff are identifiable. The light induced confirmation change kon and the dark revision rate koff are 

practical non-identifiable since the profile likelihood flattens out for high parameter values. This means, 

it is not possible to estimate an upper bound for the parameter values and the confirmation change 

can be arbitrarily fast. This result is in agreement with biological knowledge, since a confirmation 

change of a protein can happen within seconds and therefore on a much faster timescale than other 

cellular processes like gene expression (hours) or proteasome dependent protein degradation 

(minutes to hours). The profile likelihood can also be utilized to identify model reductions in order to 

obtain a fully identifiable model[6]. The analysis reveals that the ratio K=koff/kon is identifiable. Hence, 

the model can be reduced by applying a steady state approximation for FLuc-B-LID and KRAB-EL222. 

 

(16)  [789:45](G) = F(G)R[789:4;;](G) 
 

(17)  [RSTU45](G) = F(G)R[RSTU4;;](G) 
 

With this reduction the model becomes fully identifiable by the experimental data. 

 

3. Model based description of the characteristics of the systems 
 

With the calibrated mathematical model, it is possible to predict the performance of the system for 

different light intensities and durations of illumination. The heatmap in Figure 4a was obtained by 

simulating the calibrated system for the indicated light intensities and illumination durations and 

plotting the resulting reporter gene expression. This prediction can be seen as characterization of the 

system since it is possible to find experimental conditions to obtain a desired target gene expression.  

 

To test the predictive power of the model, we measured the expression level of the reporter gene FLuc 

for different combinations of illumination duration and light intensity. Uncertainties in the parameter 

estimation are leading to uncertainties of the predictions. These prediction uncertainties can be 

calculated by evaluating the prediction profile likelihood for each prediction[7]. The resulting prediction 

profiles are shown in Supplementary Figure S5. The calculation was done with the doPPL plugin for 

the Data2dynamics software[8].  
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Supplementary Tables 
 
Supplementary Table S1. Fitted parameter values obtained by the maximum likelihood estimation. 

σ – and σ+ are indicating the 95 % confidence interval obtained by the profile likelihood analysis. The 

corresponding likelihood profiles are shown in Supplementary Figure S4. 

 

Parameter θopt σ - σ+ Unit 
kdeg,ind 1.226 0.8867 1.777 h-1 ⋅ RRE 

kdeg,const 0.4248 0.2748 0.6692 h-1 

Km,deg 0.1301 0.02259 0.2665 RRE 

kon 1.883 0.1286 +inf h-1 ⋅ (μmol m-2 s-1)-1 

koff 22.75 0.8333 +inf h-1 

ktranslate 1.132 0.7497 1.724 h-1 ⋅ RRE ⋅ [FLucmRNA](0)-1 

ktranscript 0.5428 0.3000 1.093 h-1 ⋅ [FLucmRNA](0) 

kinh,KRAB 4.424 2.254 11.61 [KRABoff](0)-2 

kdeg,mRNA 0.2539 0.1117 0.5233 h-1 

init_FLuc 1.010  0.9324 1.093 RRE 

scaleDR 0.2196 0.2001 0.2410 1 

sdFLuc 0.07217 0.06493 0.08086 1 

* RRE = relative reporter expression 
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Supplementary Table S2. Plasmids designed and used in this study. 

If not indicated otherwise, all plasmids were cloned using AQUA[9]/ Gibson Cloning[10]. 

Plasmid Description 
Reference or 

source 

pGL4.23-C120-FLuc 
Vector encoding FLuc under the control of a minimal 

promoter with inserted C120. 
[11] 

pJB010 

PCMV-CAV1-B-LID- IRES-GFP-pA 

B-LID was amplified from pMZ1203 using oligos 

oMZ1214F/ oJB3-005R. The backbone pRR-CMV-CAV1-

IRES-GFP was amplified in two fragments using primer 

pairs AmpF/ oJB3-006R and oJB3-007F/ AmpR. All 3 

fragments were assembled using Gibson Cloning. 

this work 

pJB013 

PCMV-KRAB-EL222- IRES-GFP-pA 

KRAB-EL222 was amplified using oJB3-008F/ oJB3-009R 
from pKM565. The backbone pRR-CMV-CAV1-IRES-GFP 

was amplified without CAV1 in two fragments using primer 

pairs AmpF/ oJB3-010R and oJB3-011F/ AmpR. All 3 

fragments were assembled using Gibson Cloning. 

this work 

pJB023 

PCMV-(C120)5-CAV1-B-LID-IRES-GFP-pA 

(C120)5 was amplified from pMZ1203 using oJB-064F/ 

oJB-058R. CAV1-B-LID was amplified from pJB010 using 

oJB-060F/ oJB-063R. Both fragments were fused in a 

PCR reaction using oligos oJB-064F/oJB-063R. The 
backbone pRR-CMV-CAV1-IRES-GFP was digested using 

BamHI/ XbaI. The C120-CAV1-B-LID fragment was 

assembled into digested backbone using Gibson Cloning. 

this work 

pJB036 

PSV40-2x(C120)5-FLuc-B-LID-pA 

Amplifiy (C120)5 sequence from pMZ1203 with additional 

SacI restriction site in overhang using oJB103/oJB104. 

Digest pMZ1203 and PCR product with SacI and ligate 

fragments. 

this work 

pJB037 

PCMVtrunc-(C120)5-FLuc-B-LID-pA 

Amplify pMZ1203 with SV40 sequence using 

AmpF/oJB097 and oJB096/AmpR. Further amplify PCR 

product of oJB096/AmpR with oJB098/AmpR to 

completely add CMVtrunc sequence ([12]). Assemble 

fragments using Gibson cloning. 

this work 

pJB038 
PPGK-(C120)5-FLuc-B-LID-pA 

Amplify PGK promoter sequence from pMSCVneo using 
this work 
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oJB099/oJB100. Amplify pMZ1203 without promoter 

sequence using AmpF/oJB101 and pJB102/AmpR. 

Assemble all fragments with Gibson cloning 

pJB039 

PSV40-2x(C120)5-FLuc-B-LIDΔRRRG-pA 

Amplify pJB036 using AmpF/oMZ1253R and 

oMZ1252F/AmpR. Assemble fragments with Gibson 

cloning. 

this work 

pJB040 

PCMVtrunc-(C120)5-FLuc-B-LIDΔRRRG-pA 

Amplify pJB037 using AmpF/oMZ1253R and 

oMZ1252F/AmpR. Assemble fragments with Gibson 

cloning. 

this work 

pJB041 

PPKG-(C120)5-FLuc-B-LIDΔRRRG-pA 

Amplify pJB038 using AmpF/oMZ1253R and 

oMZ1252F/AmpR. Assemble fragments with Gibson 

cloning. 

this work 

pKM528 

PEF1α-NLS-EGFP-Med25VBD-B-LID-pA 

Vector encoding PEF1a-controlled nuclear-localized 

EGFP-Med25VBD-B-LID  

[13] 

pKM565 

PSV40-KRAB-EL222-pA 

KRAB was amplified from pWW43 using oligos 

oKM455/oKM456, digested (NheI/EcoRI) and ligated 

(NheI/EcoRI) into pVP-EL222. 

this work 

pMSCVneo Retroviral cloning vector containing PGK promoter. Clontech 

pMZ1203 

PSV40-(C120)5-FLuc-B-LID-pA 

C120-FLuc was amplified from pGL4.23-C120-FLuc 

(oMZ1212F/oMZ1213R), B-LID was amplified from 

pKM528 (oMZ1214F/oMZ1215R) and both fragments were 

assembled into NotI and XbaI digested pMZ333. 

this work 

pMZ1210 

PSV40-C120-FLuc-B-LIDΔRRRG-pA 

Whole pMZ1203 except of the four amino acids RRRG 

was PCR amplified in two fragements using the two primer 

pairs (AmpF/oMZ1253R & oMZ1252F/AmpR) and 

assembled again. 

this work 

pMZ333 
PSV40 driven mammalian expression vector derived from 

XbaI/NotI digested pSAM200 ([14]) . 
[15] 

pMZ-BLID-mCherry-

2A-myrcasp8-ER(T2) 

BLID-mCherry-2A-Myrcasp8-ER(T2) produced as gblocks 

(IDT) and inserted in pMZ1203 via gibson assembly 
this work 

pRR-CMV-CAV1-
PCMV-CAV1-IRES-EGFP  [16] 
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IRES-GFP 

pTREX-BLID-

mCherry-2A-

myrcasp8-ER(T2) 

BLID-mCherry-2A-myrcasp8-ER(T2) was PCR amplified  

(primers: pMZ-BLID F and pMZ-BLID R)  and cloned into a 

pTREX backbone (primers: pTREX F and pTREX R) via 

gibson assembly 

this work 

pTREX-myrCasp8-

ER(T2)-IRES-

mCherry 

myristoylated caspase 8 fused to the mutant ligand binding 

domain of the estrogen receptor (primers: attB1-myrCasp8 

and attB2-ER(T2)) inserted into pTREx-DEST-IRES-

mCherry through Gateway® recombination 

[17] 

pVP-EL222 PSV40-NLS-VP16-EL222-pA [11] 

pWW43 PSV40-E-KRAB-pA [18] 
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Supplementary Table S3. Oligonucleotides designed and used in this study. 

Primer Sequence 
AmpF 5’ - GCTCCTTCGGTCCTCCGATCG - 3’ 

AmpR 5’ - ACTTCTGACAACGATCGGAGGACC - 3’ 

oJB-058R 5’ - CCCTCGGAGTCTACGTATTTGCCCCCAGACATGGTGGCTTTACCAACAGTACCG- 3’ 

oJB-060F 5’ - ATGTCTGGGGGCAAATACGTAG- 3’ 

oJB-063R 5’ - GAATTCGAAGCTTGAGCTCGAGGCCTGCAGGGATCCTTAGCCGCGGCGGCGGGCGGCCTCGTCGATG- 3’ 

oJB-064F 5’ - GCTGTTTTGACCTCCATAGAAGACACCGACTCTAGAAGCTACCTGAGCTCGCTAGCCTCGAG- 3’ 

oJB-096 5’ - CATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGCCCTCG 
AGGAACTGGAAAACC- 3’ 

oJB-097 5’ - ATTACTATTAATAACTAGTCAATAATCAATGTAGCTAGCTTATCGATGATAAGCTGTC- 3’ 

oJB-098 5’ –ACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAG 
TTC-3’ 

oJB-099 5’ - TGTTTGACAGCTTATCATCGATAAGCTAGCTTGGGTAGGGGAGGCGCTTTTCC- 3’ 

oJB-100 5’ - GTTAACTTTCTGGTTTTCCAGTTCCTCGAGGGCGAAAGGCCCGGAGATGAGGAAG- 3’ 

oJB-101 5’ - AGCTAGCTTATCGATGATAAGCTGTC- 3’ 

oJB-102 5’ - CCCTCGAGGAACTGGAAAACC- 3’ 

oJB-103 5’ - GATCGAATTGCGGCCGC- 3’ 

oJB-104 5’ - ATCGAGGAGCTCCTTCCATTATATACCCTCTAGTGTCTAAGC- 3’ 

oJB3-005R 5’ - TTAGCCGCGGCGGCGGGCGGCCTCGTCGATG - 3’ 

oJB3-006R 5’ - GTAGTAGCCAAAAAGGCGCCGGCGCCGCTAGCTATCTCTTTCTGCGTGCTGATGC - 3’ 

oJB3-007F 5’ - CATCGACGAGGCCGCCCGCCGCCGCGGCTAAGGATCCCTGCAGGCCTC - 3’ 

oJB3-008F 5’ - CTCCATAGAAGACACCGACTCTAGAAGCATGGATCCAAAAAAGAAGAGAAAGGTAGATCC - 3’ 

oJB3-009R 5’ - GCTTGAGCTCGAGGCCTGCAGGGATCCTCAGATTCCGGCTTCGACGGC - 3’ 

oJB3-010R 5’ - CATGCTTCTAGAGTCGGTGTCTTC - 3’ 

oJB3-011F 5’ - TGAGGATCCCTGCAGGCC - 3’ 

oKM455 5’ - TCCAGGCACATGCGTCCGCGTGCTAGCCCCACCATGGATCCAAAAAAGAAGAGAAAGGTAGATC - 3’ 

oKM456 5’ - CAAGTCGAATTCCCAGAGATCATTCCTTGCCATTC - 3’ 

oMZ1212F 5’ - TGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCTACCTGAGCTCGCTAGCCTCGAG - 3’ 

oMZ1213R 5’ - GTAGTAGCCAAAAAGGCGCCGGCGCCGCTAGCCACGGCGATCTTGCCGCC - 3’ 

oMZ1214F 5’ - GCTAGCGGCGCCGGCGCC - 3’ 

oMZ1215R 5’ - GGATCGAAGCTTGGGCTGCAGGTCGACTCTAGATTAGCCGCGGCGGCGG - 3’ 

oMZ1252F 5’ - CATCGACGAGGCCGCCTAATCTAGAGTCGACCTGCAGCCC - 3’ 

oMZ1253R 5’ - GGTCGACTCTAGATTAGGCGGCCTCGTCGATGTTC - 3’ 

pTREX F 5’ - GCAGCCCAAGCTTCTACCCAGCTTTCTTGTACAAAGTGGTTGATGG- 3’ 

pTREX  R 5’ - TTCCAGTTCCTCGAGGGAAGCCTGCTTTTTTGTACAAACTTGTTGATGG- 3’ 

pMZ-BLID F 5’ - TACAAAAAAGCAGGCTTCCCTCGAGGAACTGGAAAACC- 3’ 

pMZ-BLID R 5’ - GCTGGGTAGAAGCTTGGGCTGCAGGTCGACTCTA- 3’ 

attB1-
myrCasp8- 5’ - GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGGAGTAGCAAGAGC- 3’ 

attB2-
ER(T2) 5’ - GGGGACCACTTTGTACAAGAAAGCTGGGTCTAAGCTGTGGCAGGGAAACC- 3’ 
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Supplement Figure S1. Evaluation of repression efficiency of a set of engineered EL222-

KRAB/promoter modules as single and dual regulation systems (Blue-OFF). (a) Constructs of different 

variants of the promoter module of the reporter plasmids: i) system displayed in the main text 

containing a single EL222 binding sequence, (C120)5 (pMZ1203 and pMZ1210) or ii) two repeats 

thereof, 2x(C120)5, downstream of a PSV40 promoter (pJB036 and pJB039); and two different promoter 

versions: iii) a truncated version of the pCMV, pCMVtrunc (pJB037 and pJB040), and iv) the 

phosphoglycerate kinase promoter, pPGK (pJB38 and pJB041). (b) and (c) Cells were transfected 
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with KRAB-EL222 (pKM565) and the respective reporter plasmids, kept for 16 hours in darkness after 

transfection and subsequently placed in darkness or 20 µmol m-2 s-1 460 nm light for 8 h before lysis. 

(b) Firefly luciferase luminescence normalized to Renilla luciferase luminescence (relative 

luminescence units, R.L.U.). The ‘non-regulated’ samples have no blue light responsive repression or 

degradation module, i.e. pWW43 with either pMZ1210/pJB039/pJB040/pJB041. ‘EL222-KRAB’ depicts 

the EL222-KRAB module as single regulation system (pKM565 with either 

pMZ1210/pJB039/pJB040/pJB041), ‘Blue-OFF’ describes the complete dual system with both light-

responsive modules: pKM565 (blue-light repression, EL222-KRAB) and either 

pMZ1203/pJB036/pJB037/pJB038 (blue-light degradation, B-LID). (c) blue light data from (b) 

normalized to dark controls. None of the engineered variants (grey shade) based on either two repeats 

of the EL222 binding site, a truncated version of the pCMV or the pPGK promoters showed improved 

performance in comparison to the promoter PSV40-(C120)5 which was used throughout the work. 
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Supplement Figure S2. Statistical quantification of CAV1 downregulation in MEF cells (a) Mean 

fluorescent intensities (MFI) of CAV1 staining of transfected cells after 16 h in darkness (n= 38) or 

under 2 µmol m-2 s-1 of 460 nm light (n=31). Unpaired t-test shows significant difference (P = 0.0001) 
(b) Mean fluorescent intensities of GFP co-expression in analysed cells (P = 0.4752) 
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Supplement Figure S3. Multiple optimization runs with random initial parameter guesses sorted by 

their –2 log(L) value. The steps are indicating local minima. More than 98 % converged to the same 

optimum.  
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Supplement Figure S4. Profile likelihood of the estimated parameters. The solid lines indicate the 

profile likelihood; the optimal parameter set is marked with a grey star. The red dashed line marks the 

95 % confidence level. The parameter axis is on a logarithmic scale. 
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Supplement Figure S5. Prediction profile likelihood for the measured points in Figure 4. The solid 

lines indicate the prediction profile likelihood, the prediction for the optimal parameter set is marked 

with a grey star. The red dashed line marks the 95 % confidence level.  
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Abstract: 
Optogenetic approaches facilitate the study of signaling and metabolic pathways in 
animal cell systems. In the past 10 years, a plethora of light-regulated switches for the 
targeted control over the induction of gene expression, subcellular localization of 
proteins, membrane receptor activity, and other cellular processes have been 
developed and successfully implemented. However, only a few tools have been 
engineered towards the quantitative and spatio-temporally resolved downregulation of 
proteins. Here we present a protocol for reversible and rapid blue light-induced 
reduction of protein levels in mammalian cells. By implementing a dual-regulated 
optogenetic switch (Blue-OFF), both repression of gene expression and degradation of 
the target protein are triggered simultaneously. We apply this system for the blue light-
mediated control of programmed cell death. HEK-293T cells are transfected with the 
pro-apoptotic proteins PUMA and BID integrated into the Blue-OFF system. 
Overexpression of these proteins leads to programmed cell death, which can be 
prevented by irradiation with blue light. This experimental approach is very 
straightforward, requires just simple hardware and therefore can be easily implemented 
in state-of-the art equipped mammalian cell culture labs. The system can be used for 
targeted cell signalling studies and biotechnological applications.  
 
Key Words: Optogenetics; protein down-regulation; blue-light degron; blue-light gene 

repression; Blue-OFF; dual optogenetic switch; optogenetic apoptosis control. 

 
1. Introduction: 
The development of synthetic switches for the targeted manipulation of protein levels in animal 

cells has facilitated the study of signaling and metabolic pathways (1–6). A common approach 

is to control the expression or stability of a protein of interest with chemically-induced switches. 

These normally consist of engineered activators or repressors, the binding of which to synthetic 

promoters is regulated by the presence of a chemical. For protein degradation, chemically 

regulated degrons have been developed (7). However, chemically-based switches have 

limitations such as toxicity, irregular spatially controlled distribution by diffusion in cell culture 

or tissues, and limited reversibility (7–10). To overcome these limitations, light has begun to 

be used as an inducer, and numerous optogenetic switches have been developed recently (1, 
2, 11). However, only a few are designed for the targeted downregulation or destabilization of 

a protein (11, 12) still leading to substantial residual protein levels due to constant protein neo-

synthesis. Here, we present a protocol for the application of an optogenetic tool that combines 

blue light inducible repression of transcription and the simultaneous degradation of the target 
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protein in animal cells (13). We show its applicability to control apoptosis upon reduction of the 

levels of two pro-apoptotic proteins in mammalian cells. 

 

Molecular layout and mechanism of the Blue-OFF system 
The dual system designed for the simultaneous transcriptional repression and degradation of 

a protein of interest (POI) consists of two switches (13): i) the photosensitive transcription 

factor EL222 from Erythrobacter litoralis fused to the KRAB transrepressor domain (14–17) 
(pKM565) to inhibit transcription of the POI from a target promoter (Fig. 1); ii) the POI, in this 

case either the pro-apoptotic proteins PUMA or BID (pPF088, pPF092), fused to the B-LID 

module which mediates the proteasomal degradation upon illumination with blue-light (11). 
The B-LID module incorporates the LOV2 domain of Avena sativa phototropin I (AsLOV2). It 

contains a Ja helix which is bound to the core domain of LOV2 in the dark, but unwinds after 

illumination with blue light exposing a C-terminally fused RRRG degron (Fig. 1). The pro-

apoptotic proteins PUMA and BID are targets of the transcription factor p53 keeping the 

balance of cell cycle arrest and cell death upon DNA damage or other cell death insults (18–
20). Overexpression of those proteins leads to cell death. In this work we show the applicability 

of the Blue-OFF system for the regulation of apoptosis by reducing the levels pro-apoptotic 

proteins constitutively expressed from a transfected plasmid in HEK293-T cells. The POI-B-

LID module is cloned under the control of a synthetic promoter comprising five copies of the 

DNA target sequence of EL222-KRAB, namely (C120)5, placed downstream of a constitutive 

promoter (Fig. 1). Upon illumination with 460 nm light, EL222-KRAB homodimerizes and binds 

via its helix-turn-helix (HTH) DNA-binding domains to the C120 sequences repressing 
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transcription. Simultaneously, the LOV2 domain of the B-LID module exposes the RRRG 

degron leading to degradation of the POI(13). 
 

 

Application and experimental considerations 
This dual-controlled optogenetic switch shows highly efficient and rapid blue-light induced 

down-regulation of protein expression and stability. These characteristics can be used to knock 

down essential genes in a cell, tissue or organism to study the effect of losing a given protein 

in an otherwise wild type context. We have previously shown a quantitative characterization of 

the system and its ability to control a synthetic caspase-based switch to induce programmed 

cell death (13). Here, we describe a protocol to demonstrate further the applicability of the 

system by regulating the levels of ectopically overexpressed pro-apoptotic proteins such as 

PUMA or BID. 
Blue light illumination can have toxic effects on cells. However, the intensity- and time-doses 

needed for full activation of the Blue-OFF system (20 µmol m-2 s-1 for 8 h or 10 µmol m-2 s-1 for 

24 h) have no negative effect on the cells (13). It is worth considering when designing an 

experiment that higher doses might have a negative influence on growth and health. The 

system represses transcriptional activity and targets the protein for degradation, however it 

has no effect over the mRNA, meaning that there might be remaining expression from 

previously synthesized messengers. An advantage of the Blue-OFF switch is that there is no 

need of extra addition of FMN, the chromophore of the LOV domains, to the growth media 

(21). As the photoreceptors are activated also by daylight or room light, all work should be 

done under green or red safe light. 

 

Experimental design 
In this protocol, HEK-293T cells are transfected with plasmids encoding the pro-apoptotic 

proteins PUMA and BID engineered into the Blue-OFF system (pPF088, pPF092, pKM565). 

As a negative control, the plasmids encoding for the pro-apoptotic proteins fused to B-LID 

without the RRRG degron (pMZ1427, pTB505) under the control of a constitutive promoter 

were transfected. The light treatments were performed in closed LED-boxes, with a wavelength 

of 460 nm and an intensity of 10 µmol m-2 s-1 for 24 h as described below. Control cells are 

kept in dark for the same incubation period. Transfections for microscopy are done in 

Fig. 1. Molecular design and mode of function of the Blue-OFF system for blue light-regulated downregulation of the levels 
of a POI. The pro-apoptotic proteins Puma and BID are fused to the B-LID system, and placed under the control of a 
constitutive SV40 promoter (pPF088, pPF092). The promoter sequence is followed by five copies of the EL222-binding 
sequence (C1205). The photosensory transcription factor EL222 is fused to the inhibitory KRAB domain (pKM565). In the dark, 
the KRAB-EL222 fusion is not bound to the target sequence on the DNA and the B-LID system is inactive leading to 
accumulation of the POI. Upon blue light illumination, the Ja helix unwinds, exposing the docked degradation peptide (RRRG) 
which leads to proteasome mediated protein degradation. Simultaneously, the EL222 transcription factor dimerizes and binds 
to the C1205 sequence inhibiting transcription via the fused KRAB repressor domain. Adapted from Baaske et al., 2018.  
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duplicates. After 24 h of treatment, the cells can be directly observed under the microscope or 

be fixed for long-term storage.  
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2 Materials: 
 
2.1 Reagents, consumables and kits 

1) Plasmids (Fig. 1):  

a. pMZ1203: PSV40-C1205-Firefly-B-LID-pA 

b. pMZ1427: PSV40-RFP-2A-Puma-B-LIDDRRRG 

c. pTB505: PSV40-RFP-2A-BID-B-LIDDRRRG 

d. pPF088:PSV40-C1205-Puma-B-LID-pA 

e. pPF092: PSV40-C1205-BID-B-LID-pA 

2) Top10 chemically competent cells (Life Technologies, cat.no.C4040-10) 

3) M&N NucleoBond Xtra Midi Kit (M&N, cat no. 740410.10) 

4) Ampicillin (Roth, cat.no. K029.2) 

5) LB agar (Roth, cat.no. X969.3) 

6) LB medium (Roth, cat.no. 6673.4) 

7) HEK-293T cells (DSMZ, ACC-305) 

8) DMEM (PAN Biotech, cat.no. P04-03550) 

9) FBS (PAN Biotech, cat.no. P30-3602) 

10) Penicillin-streptomycin (PAN Biotech, cat.no. P06-07100) 

11) Trypsin-EDTA (PAN Biotech, cat.no. P10-023500) 

12) CASY ton buffer (OLS, cat.no. 5651808) 

13) Opti-MEM (Life Technologies, cat.no. 22600-134) 

14) Polyethyleneimine (PEI) linear molecular weight (MW) 25 kDa (Polyscience, cat.no. 

23966-1) 

15) DMSO (Sigma, cat.no. D8418) 

16) Filter bottle Top 500 mL 0.2 µM Membrane (VWR, cat no. 514-0340) 

17) CASY cups (OLS, cat.no. 5651794) 

18) Cell culture dishes (100 mm; Corning, cat.no. 430167) 

19) Cell culture plates (24 well; Corning, cat.no. 3524) 
20) Glass cover slides (VWR, cat.no. 631-0150) 

21) Microscopy slides (VWR, cat.no. 631-1551) 

22) Paraformaldehyde (PFA) (Alfa Aesar, cat.no. J61899) 

23) PBS 

24) Mowiol (Roth, cat.no. 0713) 

25) Dabco (Roth, cat.no. 0718) 

 

2.2 Reagent setup 
2.2.1  Plasmid DNA preparation 
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Prepare LB agar plates by mixing LB agar (40 g/L) with H2O according to 

manufacturer´s instructions and autoclave it. Add 100 µg ml-1 ampicillin (from a 100 mg 

ml-1 stock solution in H2O, sterile filtered) to the cooled-down LB agar and pour it in 100 

mm Petri dishes and let it solidify. The plates can be stored at 4°C for one month. 

Transform chemically competent Escherichia coli TOP10 cells according to Beyer et 

al., 2015a (22) and plate 10 and 50 µL on LB agar plates supplemented with ampicillin. 

Incubate at 37°C for 24 h. Inoculate 120 mL of autoclaved LB medium supplemented 

with 100 µg ml-1 ampicillin with a single colony by using a sterile pipette tip, and incubate 

at 37°C for 24 h at 150 rpm (Innova 44, New Brunswick). Centrifuge 100 mL of the 

overnight culture and isolate the DNA with the NucleoBond Xtra Midi kit according to 

the manufacturer´s instructions. Determine the DNA concentration with a 

spectrophotometer. 

 

2.2.2  PEI solution (1 mg ml-1) 

Dissolve 200 mg of PEI in 160 mL H2O in a glass beaker and stir it. For faster dissolution 

heat it up to 50 °C. Adjust the pH to 7 with HCl until it is completely dissolved and fill in 

with ddH2O to 200 mL. Filter the PEI solution through a 0.2-µm filter in a cell culture 

hood and divide it into 1 mL aliquots. The aliquots can be stored at -80 °C for at least 

one year. 

 

2.2.3  PBS solution (10x) 

Dissolve 26.82 mM KCl, 14.7 mM KH2PO4, 80.34 mM Na2HPO4·2H2O and 1.37 M NaCl 

in 1 L ddH2O. Dilute the PBS to 1x, sterile filter and aliquot it in 50 mL Falcon tubes.  

 

2.2.4  Mowiol-DABCO-solution 

Mix 6 g of glycerol with 2.4 g Mowiol in a 50 mL Falcon tube, incubate 30 min and mix 

it by vortexing every 10 min. Afterwards add 6 mL H2O and stir it for 2 h. Add 12 mL 

Tris-HCl 0.2 M pH 8.5 and heat at 53 °C in a water bath until dissolution (approximately 

2 h). Stir every 30 min with a magnetic stirring bar. Then, centrifuge the solution for 20 

min at 5000 g, transfer the supernatant to a fresh tube and add 25 mg DABCO for each 

mL solution, and stir until complete dissolution. Prepare 500 µL aliquots and freeze 

them at -20 °C. 

 

2.3 Equipment 
1) Spectrophotometer (Eppendorf Biospectrometer basic cat no. 6135000904) 

2) Tissue culture hood (Thermo Scientific, HeraSafe S2020 1.8 cat no. 104222784) 

3) Tissue culture incubators (Thermo Scientific, HeraCell vios 250i) 
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4) CASY cell counter and analyzer (OLS, CasyTT, cat no. 5651736) 

5) Spectroradiometer (Avatec, Avaspec-2048) 

6) LED band deco Flex RGB plug and light set (Prisma Leuchten, cat.no. 2200-090P) 

7) LED Boxes (LEDs: Roithner LED450-series) 

8) Confocal microscope (Nikon Eclipse Ti + C2+ confocal upgrade) 

 

2.4 Equipment setup 
2.4.1  Safe-light 

Stick the LED band to the internal surface/walls of the cell culture hood. The safe-light 

(green or red) can be turned on from the outside via remote control. If required, 

additional LED stripes can be installed all over the room. Cover all ambient light sources 

such as windows and/or doors with curtains or black adhesive vinyl foil to achieve full 

darkness.  

 

2.4.2  LED boxes 

LED boxes were constructed and used as described in Müller et al., 2014 and Ochoa-

Fernandez et al., 2016 (8, 23). In brief, we use custom-made light boxes built out of 

PVC (20 cm x 20 cm 20 cm) and equipped with an LED panel. The light boxes are 

additionally equipped with fans for gas exchange. Irradiation wavelength and intensity 

control is achieved with an Arduino microcontroller installed in the aluminum LED panel 

with a USB port for programming irradiation time and pulsing. In this protocol, boxes 

containing blue LEDs (460 nm) were used.  

 
3 Methods: 
3.1 Seeding of HEK-293T cells • Estimated duration 1 h (mid-day or afternoon of day 1) 

1.) Start with a HEK-293T 80-90% confluent cell culture in 100-mm petri-dishes with 10 
mL DMEM supplemented with 10% (V/V) FBS and 1,4% (V/V) penicillin-streptomycin! 
Critical step: Healthy cells are essential (viability and morphology)! (see Note 1) 

2.) For collecting the cells, remove the culture medium, add 2 mL of trypsin-EDTA solution 

and incubate at 37°C for 5 min. 

3.) During the incubation time prepare a 15 mL tube with 8 mL fresh DMEM medium 

supplemented with 10% (vol/vol) FBS and 1,4% (vol/vol) penicillin-streptomycin (to get 

a final total volume of 10 mL). Cells of a maximum of 3 plates can be pooled in one 

tube to speed up the process. In this case use only 4 mL fresh DMEM medium. 

4.) Wash away the cells from the plate by rinsing the trypsin-EDTA cell suspension 2 – 3 

times, and pipet the suspension up and down to resuspend the cells. Transfer the cell 

suspension into the 15 mL tube with DMEM (prepared in step 3 above) and sediment 
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the cells by centrifugation (3 min, 300 g, RT). Discard the supernatant and resuspend 

the cells in 10 mL fresh DMEM supplemented with 10% (V/V) FBS and 1,4% (V/V) 

penicillin-streptomycin. Determine the cell concentration with the CASY cell counting 

system or with a Neubauer cell-counting chamber. 

5.) Seed HEK-293T cells in 10 wells of each of two 24-well plates at a density of 40,000 – 

50,000 cells per well in 500 µL DMEM supplemented with 10% (V/V) FBS and 1,4% 

(V/V) penicillin-streptomycin. Incubate the cells for 24 h at 37 °C with 5 % CO2 in an 

incubator. 

 

3.2 Transfection of HEK-293T cells • Estimated duration: 1,5 h in the morning and 30 min in 

the afternoon (day 2) 

1) Inspect the seeded cells under the microscope. They should be uniformly and evenly 

distributed. The confluency should be ca. 30 – 50%. 

2) For transfection, prepare a premix of DNA/PEI. For each well of a 24-well plate mix a 

total of 0.75 µg of plasmid DNA in 50 µL of Opti-MEM, and 2.5 µL of 1 mg ml-1 PEI 

solution in 50 µL of Opti-MEM.  

Therefore, 5 different DNA mixes need to be prepared in Opti-MEM in a total volume 

of 250 µLas follows (see Note 2):  

1. Mix 1: (the negative control) pMZ1203 = 1.875 and pKM565 = 1.875 µg.  

2. Mix 2: (Blue-OFF controlled Puma) pPF088 = 1.875 µg and pKM565 = 1.875 µg. 

3. Mix 3: (Blue-OFF controlled BID) pPF092 = 1.875 µg and pKM565 = 1.875 µ.  

4. Mix 4: (unregulated Puma) pMZ1427 = 3.75 µg. 

5. Mix 5: (unregulated BID) pTB505 = 3.75 µg.  

3) In an additional 15 mL tube, prepare the PEI mix as follows: add 96 µL of 1 mg ml-1 PEI 

solution to 1,829 µL Opti-MEM (Calculate a 10% excess, in case of pipetting 

deviation/mistakes).  

4) To produce the DNA-PEI complexes, add 250 µL of the PEI mix in two separate steps 

to the DNA mixes 1 – 5, and mix the tubes by vortexing for 10 s after each addition of 

the PEI mix. Incubate the tubes at RT for 10 min. 

5) Add 100 µL of the transfection mix dropwise to each well of the plate seeded in 3.1. 

step 5. Transfect with each transfection mix 2 wells on the 24-well plate that will be kept 

in darkness (as control), and 2 wells on the 24-well plate that will be illuminated.  Finally, 

distribute the added transfection mix evenly by gently moving the plates in ‘8-shape- or 

up-down/left-right movements’, and then incubate them in a CO2 incubator at 37°C, 5% 

CO2. 
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6) Four to five hours after transfection, replace the culture medium carefully in both 24-

well plates with 0.5 mL of prewarmed DMEM supplemented with 10% (V/V) FBS and 

1,4% (V/V) penicillin-streptomycin per well (see Note 3). 

! Critical Step: Incubation with PEI for more than five hours might lead to decreased 

cell viability. IMPORTANT: From now on every step should be carried out in the 
absence of blue/room light, i.e. ‘darkness’. Use green (530 nm) or red (660 nm) 
safe-light to avoid activation of the system. Illuminate one 24-well plate directly after 

changing the medium with 460 nm light with 10 µmol m-2 s-1 intensity and keep the 

other plate in ‘darkness’ for 16 h at 5% CO2 and 37°C (see Note 4). 

 

3.3 Fixating cells for long term storage • Estimated duration: 1 h (day 3) 

1.) After illumination aspirate the medium of the wells with the transfected cells. Wash the 

cells once with 500 µL PBS and add 200 µL PFA (! TOXIC, check manufacturer´s 

guidelines for proper handling) (see Note 5).  

2.) Incubate the cells covered with PFA for 10 min on ice, and additional 10 min at RT. 

3.) Remove the PFA (use a waste tube and dispose it according to the toxic waste handling 

guidelines of your lab). 

4.) Add 500 µL PBS. The cells are now fixated and the following steps can be carried in 

normal room light.  

5.) Prepare microscopy slides and add 8 µL Mowiol/Dabco to the microscopy slide. 

6.) Use forceps to transfer the glass slides (remove carefully the excess liquid from the 

glass slide with a tissue paper) with cells upside down on the Mowiol/Dabco droplet on 

the microscopy slide. After 30 min incubation at 37 °C the slides can be stored for more 

than one month at 4°C (see Note 6). 

 

3.4 Analysis of apoptosis • Estimated duration: 0,5 h (day 3) 

1) Check for cell growth under the microscope. Observe the formation of a confluent 

monolayer (if it does form). 

2) Perform quantification and statistics accordingly/as needed.  

 

3.5 Optional! Quantitative monitoring of rapid downregulation of protein level. To analyze the 

rapid downregulation of protein levels in a quantitative manner, one can use reporter genes, 

e.g. luciferases, phosphatases or fluorophores, instead of pro-apoptotic proteins (13).  
 
4 Blue light-control over programmed cell death by regulating the levels of pro-
apoptotic proteins 
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The above-described protocol was implemented for the optogenetic regulation of programmed 

cell death via the control of the levels of pro-apoptotic proteins. HEK-293T cells were 

transfected with the Blue-OFF optogenetic switch engineered to control PUMA or BID. 

Incubation of the cells in the dark led to a high cell death rate, in contrast to control cells 

transfected with pMZ1203 (Blue-OFF controlling FLuc) which formed a uniform monolayer 

(Fig. 2). Cells transfected with the systems showed as expected a higher survival rate (uniform 

monolayer) when illuminated with blue light. The results open up novel perspectives for the 

targeted regulation of programmed cell death in animal cells with applications in fundamental 

research such as the study of apoptotic and carcinogenic cellular mechanisms (24, 25). 
Additionally, the high spatiotemporal resolution of the system might be of advantage for the 

establishment of cellular patterns in tissue engineering approaches.  

 

 

Fig. 2. Control of programmed cell death. Representative results of HEK-293T cells transfected with control (pMZ1203) 
forming a uniform monolayer in darkness and under blue illumination. Constitutive expression of PUMA or BID (pMZ1427; 
pTB505) in darkness and blue light, and of PUMA-Blue-OFF and BID-Blue-OFF (pPF088 + pKM565; pPF092 + pKM565) in 
darkness leads to increased cell death. In contrast to this, cells transfected with PUMA-Blue-OFF or BID-Blue-OFF show a 
higher survival rate, observed as a uniform monolayer, upon blue light illumination.  
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Notes 
1. Healthy cells are essential (viability and morphology)! Low cell viability leads to low 

expression levels. Ideally cells should be neither too young (passage number < 5) nor 

too old (passage number > 30) for best expression results.  

 

2. For high transfection efficiencies it is recommended to use RNA-free, super-coiled 

DNA. For best results we use the NucleoBond Xtra MIDI Kit for DNA-preparations. 

 

3. Incubation with PEI for more than five hours might lead to decreased cell viability. 

However, very short incubation times with PEI decrease transfection efficiency. 

Additionally, the PEI solution has to be kept at pH=7, this is essential for high 

transfection efficiency. 

 

4. The system is very light-sensitive. After transfection, every step should be carried out 

in the absence of blue/room light, i.e. always in ‘darkness’. Use green (530 nm) or red 

(660 nm) safe-light to avoid activation of the system. 

 

5. PFA is toxic! All work with PFA should be performed following the manufacturer´s 

guidelines for proper handling. Use gloves and dispose of the liquid waste and all 

consumables/material which had contact with PFA under the toxic waste instructions 

of your institute.  

 

6. Fixed cells can be stored for at least one month at 4°C. Expressed fluorescent proteins 

are still detectable with a fluorescence microscope.  
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Abstract (201 words) 

The CRISPR/Cas toolbox offers a lot of efficient tools for genomic modifications, gene control 

or recently also regulation of mRNA. Especially, the regulation of mRNA levels is mostly based 

on inducible RNAi or CRISPR/Cas systems which are efficient but not reversible and with a low 

spatiotemporal resolution. Optogenetic control of a CRISPR/Cas system resulting in regulation 

of mRNA levels are still missing. Here, we present a novel blue light activated, CRISPR/Cas13b 

mediated mRNA knock-out (BLACKout) which allows a blue-light induced decrease of mRNA 

levels in a reversible and with high spatiotemporal precision. The BLACKout system combines 

the blue-light inducible split transcription factor system, based on a LOV2 domain and an ePDZ 

domain, with the recently published type VI Cas-effector enzyme Cas13b. This approach shows 

an advancement of mRNA regulation and temporary protein knock-down and novel application 

possibilities in fundamental research and splicing variants analysis. This system, as a 

supportive tool of the recently published Blue-Off, works synergistically with other optogenetic 

tools, which results in a complete knock-out of the protein of interest. Additionally, the system 

can knock down endogenous mRNAs which opens completely new perspectives in studying 

essential genes and cancer research.  

 

Introduction (628 words) 

Common approaches to control and regulate RNA levels are often based on the interference of 
translation of mRNA by RNA interference (RNAi), CRISPR/Cas9 mediated interference or knock-down 

on miRNAs as well as mRNA 1,2. In contrast to RNAi, CRISPR/Cas9 systems showed more extensively 

applications. In addition to RNA and DNA interference as well as knock-down, transcriptional regulation 

and in vivo applicability, CRISPR/Cas9 has the feature for direct genome editing with a high specificity 
3,4. However, spatiotemporal resolution and reversibility are big limitations of those tools. Clustered 

regularly interspaced short palindromic repeats (CRISPR) – Cas9 system introduces advances in 

synthetic biology, gene therapy and gene modification in almost every model organism. Together with 

a specific single guide RNA (sgRNA) the CRISPR-Cas9 system is able to cleave double stranded DNA 
by inducing a double strand break. This CRISPR-Cas9 systems require a short protospacer adjacent 

motif (PAM) 5. Over the last years, a lot of different Cas-variants from different microorganisms were 

identified to overcome limitations like the size for in vivo applications, or recognition of RNA instead of 

DNA 6,7. Moreover, those CRISPR/Cas9 system were optimized for usage as an inducible split variant 

or in a light dependent manner for a higher spatiotemporal control of gene expression or double stranded 
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DNA cleavage 8,9. CRISPR proteins capable of engaging with RNA in a RNA-dependent manner – 

known as Cas13 effectors – have also been discovered and optimized as tools 5. Those engineered 

type VI CRISPR effectors can be used to efficiently knock down endogenous RNAs in human cells and 

manipulate alternative splicing 10,11. Additionally, fusion proteins of type VI catalytically inactive 

PspCas13 with an adenosine deaminase showed a functional RNA guided RNA editing by replacing an 

adenosine by inosine (REPAIR) 11. In contrast to the default CRISPR-Cas9 systems, those Cas13 
effectors do not need a PAM sequence at the editing site 11. Nevertheless, until now there are quite a 

few light dependent RNA cleavage or modification tools known 12. Especially, tools to control mRNA 

level or mRNA editing directly with a high spatiotemporal resolution in reversible manner are still missing. 

For this purpose, we constructed an optogenetic tool to control mRNA level, based on the blue-light 

inducible split transcription factor system and the Prevotella sp. derived Cas13b effector (PspCas13b) 
11,13. The blue light activated Cas13b induced mRNA knockout (BLACKout) system consists of the 

Avena sativa LOV2 domain fused to Gal4 DNA binding domain and an ePDZ domain fused to a virus-

derived transactivator VP16. Additionally, on another construct PspCas13b is downstream of a synthetic 
minimal CMV promoter. Upstream of this minimal promoter the GAL4 target sequence is inserted. Upon 

blue light illumination, the Ja helix of the LOV2 domain unwinds, exposes the hidden tag which leads to 

an interaction with the ePDZ domain. Due to this interaction, the transactivator is in close proximity to 

the minimal promoter and recruit´s transcriptional machinery. With this blue-light system we control the 

expression of PspCas13b which allows us indirectly to regulate mRNA levels with high spatiotemporal 
resolution by cleaving them via a customizable gRNA. Furthermore, we combined this tool with the 

recently published Blue-Off system to get an even higher reversible blue light induced knock down of 

our gene of interest 14. As proof of principle, we demonstrated the quantitative cleavage of a reporter 

gene and an additional knockdown of GFP in mammalian cells. Furthermore, we showed a blue light 

induced G2 cell cycle arrest by knocking down endogenous CDK1. All together this is a novel upgrade 

for the optogenetic toolbox. 

 
Results (1206 words) 
Design of light inducible RNA guided mRNA cleavage 
The inducible Cas13b vector was constructed by cloning PspCas13b 11 downstream of five repeats of 

GAL4 UAS and fused to a NES sequence (pTBPF001). As light inducible split transcription factor system 

we chose the Avena sativa LOV2-ePDZ system 13. For the RNA guidance two different gRNAs were 

designed as described in 11,15. All gRNAs were cloned into an U6 promoter-driven mammalian 

expression vector 11 (pTBPF002; pTBPF003). To assay the functionality of the system, firefly luciferase 

(FLuc) was constitutively expressed under the control of the SV40 promoter (pTBPF015) (Fig1a). We 
first characterized the functionality of the gRNAs with constitutive expressed PspCas13b (pC0046) 

(Fig.1b). The indicated plasmids were transfected in HEK-293T cells in a 1:1:1 or 1:1:1:1 (w:w:w:w) ratio 

and incubated 24 h in dark. Afterwards, the cells were illuminated for 24 h with 10 µmol m-2 s-1 of 460 

nm light. As a transfection and expression control constitutive expressed FLuc was transfected alone. 

Cells transfected with constitutive PspCas13b and the designed gRNAs showed less than 10 % or 50 

% expression compared to the constitutive control (Fig.1b) indicating the functionality of the gRNAs. To 

test for an additive effect of the gRNAs, we transfected HEK-293T cells with both designed gRNAs and 
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constitutively expressed Cas13b but an additive effect failed to appear (Fig.1b). Cells transfected with 

the BLACKout system showed decreased expression down to 21.2 % with gRNA1 and 19.3 % 

expression with gRNA2 after 24 h illumination with 10 µmol m-2 s-1 460 nm light compared to the cells 

kept in dark (Fig.1c). Since already translated protein and expression of mRNA is still on going, the 

decrease of expression due to mRNA cleavage suggests to be highly efficient.  

To show the applicability on other reporters, BLACKout was used to knock down PGK-driven eGFP 

expression. Therefore, HEK-293T cells were transfected with PGK-eGFP (pTBPF018) and additionally 

for normalization of transfection and expression, SV40-mCherry (pTBPF014). As described above, two 

different gRNAs against eGFP were designed, tested and demonstrated high functionality against eGFP 

with no off-target behavior for mCherry (Fig. S1). To demonstrate the blue-light induced eGFP 

knockdown cells were transfected with the BLACKout system and illuminated for 48 h with 10 µmol m-2 

s-1 of 460 nm. As expected, cells transfected with the BLACKout system and kept in darkness showed 

high expression of eGFP (Fig.2b). Cells illuminated with blue light showed highly decreased eGFP 

expression with both designed gRNAs (Fig.2).  

Following all these results we characterized the reversibility, kinetics of cleavage and the dose response 

to get better insights into the system. Therefore, cells transfected with the BLACKout system and 

constitutively expressed FLuc were kept in dark for 24 h and followed by 0, 2, 4 ,8 or 24 h illumination 

with 10 µmol m-2 s-1 and 460 nm to analyze FLuc activity (Fig.3a). As expected, the control cells showed 

firefly reporter accumulation. Also, cells transfected with the BLACKout system and gRNA1 showed 

within the first 2 h accumulation of firefly before a decrease in protein level was observable (Fig.3a). 

This delay is likely the result of the needed time for transcription and translation of Cas13b which takes 

place beforehand of the cleavage. Anyway, after the delay the protein level decreased down to 80 % 

with gRNA1 and 80 % with gRNA2 (Fig.3a). For dose response experiments, cells were incubated 24 h 

in dark followed by 24 h illumination with 0, 2.5, 5, 10, 15, 20 µmol m-2 s-1 and 460 nm. As expected, 

increasing light intensities resulted in higher decrease of FLuc expression with each of the gRNAs 

(Fig.3b) showing the sensitivity of the system and demonstrating the needed blue-light intensity of 10 

µmol m-2 s-1 to reach the maximum degradation of mRNA (Fig.3b). To validate the reversibility of the 

system, HEK-293T cells were transfected with the BLACKout system and kept in darkness for 16 h, 

followed by a cycle of 12 h blue light (10 µmol m-2 s-1) and again 40 h in darkness. Cells illuminated for 

12 h showed decreased FLuc expression down to 60 % compared to expression levels after 16 h in 

darkness. The recovering of expression of FLuc after the second period in darkness demonstrated the 

reversibility of the system in darkness (Fig.3c). Taken all together, these results demonstrate that the 

BLACKout system is able to down-regulate the expression of a protein of interest via a customizable 

gRNA in a rapid light dependent manner. 

 

 
 
Complete blue light induced protein knock-down by combining BLACKout with the Blue-Off 
system 
The recently published dual-controlled optogenetic system for down-regulation of protein levels showed 

a blue-light decreased protein level down to 10 % in HEK-293T cells 14. The left 10 % are likely still 
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transcribed mRNAs which are resulting in protein expression. To demonstrate the functionality also in 

combination with other optogenetic tools, the both systems were combined to reach a complete light-

induced protein knockout. Therefore, the Blue-Off system together with the BLACKout system were 

transfected into HEK-293T cells and incubated for 24 h in dark, followed by 24 h illumination with 10 

µmol m-2 s-1 and 460 nm. As expected, blue light illumination resulted in more than 99 % decrease of 

FLuc expression level (Fig.4). Due to the reversibility, both systems can be activated by one wavelength 
and recover in dark, which shows a completely novel possibility to knockout proteins for a certain time 

period. 

 
Blue light induced endogenous cell cycle control  
The control of the cell cycle and the arrest of cells in the same cell cycle phase is particular difficult and 

often needed in mitosis research. However, one key protein involved in the cell cycle checkpoints is the 

cyclin-dependent kinase 1 (CDK1) (Source). Loss or mutation of CDK1 leads to a cell cycle arrest in the 

G2-phase before DNA-replication (Source). For control of the cell cycle, chemicals and mutant strains 
were used which are often not reversible or toxic for the cells. To overcome this limitation and to give a 

tight light dependent control of the cell cycle, we aimed to target CDK1 in HEK-293T with our BLACKout 

system to arrest the cells in the G2-phase. Towards this aim, we designed two gRNAs targeting the 

endogenous mRNA of CDK1. As described before, we tested via constitutive Cas13b expression the 

functionality of the gRNAs. Therefore, HEK-293T cells were transfected and analyzed under the 

microscope after 48 h in darkness. As expected, transfected cells with Cas13b and gRNA demonstrated 

less confluent growth compared to the not transfected cells, suggesting an arrest in cell cycle (Fig. 5). 
Next, HEK-293T cells were transfected with the functional gRNAs and the BLACKout system to control 

the cell cycle by light. Therefore, transfected cells were illuminated directly after transfection with 10 

µmol m-2 s-1 at 460 nm blue-light for 48 h. As demonstrated before with constitutive Cas13b, cells 

transfected with BLACKout and gRNAs showed less uniform growth compared to the cells kept in dark 

or the not transfected control cells (Fig.6). These results indicate the first endogenous control of cell 

cycle via CDK1 knock down with blue-light and opens novel perspectives in manipulating endogenous 

protein level and cancer research. 

 
Discussion (399 words) 
Common approaches to control RNA level and alternative splicing are based on RNAi and riboswitches 
17–20. These tools are successfully used to study signal pathways, as possible therapeutic in cancer 

therapy and for cell cycle regulation 20,21. Nevertheless, most of them are either expressed constitutively 

or induced by chemicals like tetracycline or doxycycline, which shows a limitation for spatiotemporal 

control and reversibility 22,23. To overcome those limitations, a broad set of optogenetic tools were 

engineered. Most of those optogenetic tools are available to upregulate protein expression, regulate 
protein localization and recently also gene repression and protein stability 13,14,24–29. However, there is 

almost no optogenetic regulation of mRNA level and the combination of gene repression and protein 

stability to control mRNA 12. For this purpose, we engineered a blue light activated Cas13b mediated 

mRNA knockout (BLACKout), for a reversible mRNA knockdown to regulate mRNA level. The recently 

published CRISPR/Cas type VI effector PspCas13b was combined with the blue light inducible split 
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transcription factor system based on GAL4 and the engineered LOV2 domain of Avena sativa. The 

combination of an optogenetic tool outperforms the possibility to control mRNA level by a customizable 

gRNA and blue light. Here we successfully demonstrated, how light induced mRNA cleavage by 

BLACKout leads to missing proteins in a reversible manner. Additionally, we showed the functionality 

with knockdowns of different reporter proteins. Moreover, we successfully combined the BLACKout 

system with the recently published Blue-Off system for a complete knockdown of the gene of interest 
via one wavelength 14 by targeting gene expression, mRNA and protein stability at the same time. 

Furthermore, we could demonstrate the first reversible light induced endogenous knock down to control 

the cell cycle of human embryonic kidney cells. Taken together the BLACKout system is a versatile and 

easy customizable tool for regulating mRNA level of given proteins. This opens novel perspectives in 

essential gene studies and cancer research. Vogel et al., 2017 12 published a site directed RNA editing 

via UV light. This system is depending on UV light which is toxic to mammalian cells and it showed no 

reversibility. Superior to this system, we demonstrated a reversible, nontoxic control of Cas13 mediated 

mRNA cleavage applicable for overexpressed and endogenous proteins. For the future, we envision an 
application of the system in in vivo studies to answer fundamental biological questions, advantages in 

cancer research and control of alternative splicing variants. 

 
Material and methods 
Plasmid construction 

The design and construction of the expression vectors are described in table S1, S2. 

 
Cell culture, transfection, light induction 

Human embryonic kidney cells (HEK-293T; DSMZ, Braunschweig, Germany) were cultivated in 

Dulbecco´s modified Eagle´s medium (DMEM, PAN Biotech, Aidenbach, Germany; no. P04-03550) 

supplemented with 10% (v/v) tetracycline-free fetal bovine serum (FBS; PAN Biotech; no. P30-3602; 

batch no. P080317TC) and 1.4% (v/v) streptomycin (PAN Biotech; no. P06-07100). 5·104 HEK-293T 

cells were transfected using polyethyleneimine (PEI; Polysciences Inc. Europe, Hirschberg, Germany; 

no. 23966-1) as in 29. 0.75 µg DNA were diluted in 50 µL OptiMEM (Invitrogen, Thermo Fisher Scientific) 

and mixed with a PEI/OptiMEM mix (2.5 µL PEI solution in 50 µL OptiMEM). The DNA-PEI mix was 
added to the cells after 15 min of incubation at room temperature. 4 h post transfection the medium was 

exchanged. If not indicated otherwise, all plasmids were transfected with BLACKout system 

compromising the LOV2 based blue light system (pKM516), inducible Cas13b (pTBPF001) and a 

sequence specific gRNA plasmid (pTBPF003, pTBPF004) in equal amounts (w/w). 24 h post 

transfection the cells were illuminated with 460-nm light for the indicated periods of time with a light 

intensity of 10 µmol m-2 s-1 or kept in darkness. If not indicated otherwise, experiments were done in 4 

biological replicates. For illumination, custom-built LED light-boxes with LED-panels emitting 460 nm 
were used 29. Exchange of media and other cell-handling was done under 522-nm, safe light, to prevent 

inadvertent actuation of the light-sensitive systems. 

 

Firefly luciferase assay 



Appendix: Publications, Manuscripts 
 

215 

 
  

To quantify luciferase expression, cells were lysed on ice with 200 µL luciferase lysis buffer (25 mM 

Tris/HCl, pH 7.8, 1% Triton X-100, 15 mM MgSO4, 4 mM ethylene glycol tetraacetic acid (EGTA), 

1 mM DTT) on each well, incubated for 15 min on ice. After resuspending, the lysate was transferred to 

a 96-well white plate (Corning Incorporated, Germany, no.) and supplemented with 20 µL firefly 

luciferase substrate (20 mM Tricine, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM DTT, 0.52 mM ATP, 

0.27 mM Acetyl-CoA, 5 mM NaOH, 264 μM MgCO3, 0.47 mM luciferin). Luminescence was monitored 
using a Centro XS LB 960 plate reader (Berthold).  
 

Fluorescence microscopy 

Transfected cells were fixated in 200 µL 4% paraformaldehyde and incubated for 10 min on ice and 

another 10 min at room temperature. Afterwards cell containing cover slides were washed with PBS, 

mounted on microscopy slides with 8 µL Mowiol/Dabco solution and incubated for 30 min at 37°C. 
Fluorescence was imaged by using a Nikon confocal microscope. GFP and mCherry were visualized 

using excitation laser of 488, 525 nm and emission filter of 525/50 and 660 nm.  

 

Statistical analysis 

All data analysis was performed using Microsoft Excel or GraphPad Prism 6. Statistical outlier was 

determined and excluded as described in 30.  
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Figure Descriptions 

 

Figure 1. Design and validation of BLACKout system 

(a) Function and description of the system. The photosensitive LOV2 peptide, containing a specific tag 

on the Ja helix, is fused to the GAL4 DNA binding domain and separated by an IRES from the ePDZ-

VP16 fusion. Five repeats of the specific GAL4 DNA sequence followed by a TATA box are upstream 

of Cas13b. An U6-promoter driven gRNA vector contains a gRNA specific for the gene of interest. Upon 

blue light illumination, the Ja helix of the LOV2 domain unwinds and exposes the specific tag, which 

leads to an interaction with the ePDZ-VP16 fusion. Due to binding to the specific GAL4 sequence on 

the DNA near the TATA box, VP16 is in close proximity and can recruit the transcriptional machinery. 

The resulting Cas13b protein, guided by the specific gRNA, is cleaving the mRNA of interest. (b) 

Functionality of the designed gRNAs. HEK-293T cells were transfected transiently with constitutively 

expressed FLuc (pTBPF011), constitutively expressed Cas13b (pC046) and specifically designed 
gRNAs against FLuc mRNA (gRNA1, gRNA2 (pTBPF003, pTBPF004)). Cells were kept in dark for 24 

h post transfection and afterwards illuminated for 24 h with a photon flux density of 10 µmol m-2 s-1 and 

460 nm (blue bars) or kept in dark (black bars). Firefly was determined in relative luminescence units 

(RLUs). (c) Validation of the BLACKout system. HEK-293T cells were transfected with the constitutively 

expressed FLuc, the BLACKout system (pTBPF001, pKM516) and either one specific gRNA or both 

together and kept in dark for 24 h. Cells were illuminated as before for 24 h with 460 nm light (blue bars) 

or kept in dark (black bars). FLuc levels were normalized to their dark control. The errors bars in (b) and 

(c) indicate standard deviation of the mean. 
 

 

 

Figure 2. Blue light induced GFP mRNA knockdown 

In darkness GFP accumulates similar to mCherry signal in transfected cells. Upon blue light illumination 

the GFP level decreases in cells transfected with BLACKout system and either gRNA1 or gRNA2. HEK-

293T cells were transfected with PGK-GFP (pTBPF018), SV40-mCherry (pTBPF014), the BLACKout 
system (pTBPF001, pKM516) and either gRNA1 or gRNA2 (pTBPF005, pTBPF006). After transfection 
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cells were kept in dark for 24 h and illuminated for 48 h with 10 µmol m-2 s-1 and 460 nm light. Afterwards 

cells were fixed and imaged by confocal microscopy. 

 

Figure 3. Reversibility and characterization of the BLACKout system 

(a) mRNA kinetic of the BLACKout system. HEK-293T cells were transfected as described above with 

BLACKout system (pTBPF001, pKM516) and kept in dark for 24 h. Afterwards cells were for illuminated 
with 460 nm blue light with photon flux density of 10 µmol m-2 s-1 and FLuc expression levels were 

measured at the given timepoints. Expression data were normalized to FLuc expression level of cells 

kept in dark. (b) Reversibility of the BLACKout system. HEK-293T cells were transfected with the 

BLACKout system (pTBPF001, pKM516) and either a specific gRNA1 or gRNA2 (pTBPF003, 

pTBPF004) and kept in dark for 12 h. Afterwards cells were illuminated for 12 h with blue light and again 

12 h of darkness. FLuc expression levels were measured at the given timepoints and normalized by 

values of constitutive expressed FLuc at the same timepoint. (c) Dose response of the BLACKout 

system. HEK-293T cells were transfected as described above with BLACKout system (pTBPF001, 
pKM516) and kept in dark for 24h. Afterwards cells were illuminated with the given blue light intensity 

(0, 2.5, 5, 10, 15, 20 µmol m-2 s-1) for 24 h. Expression date were normalized to FLuc expression levels 

of cells kept in dark. The error bars in (a), (b), (c) indicate standard deviation of the mean for four 

independent replicates. 

 

Figure 4. Complete knockdown by combining BLACKout with Blue-Off system 

HEK-293T cells were transfected with BLACKout system (pTBPF001, pKM516), Firefly-B-LID and either 
gRNA1 and gRNA2 (pTBPF003, pTBPF004) and the EL222-KRAB repressor. Cells were kept in dark 

for 24 h followed by illumination for 24 h with 10 µmol m-2 s-1 and 460 nm light. Firefly expression level 

were normalized to the dark control. The error bars indicate standard deviation of the mean for four 

independent replicates. 

 

Figure 5. Blue light induced cell cycle arrest 

HEK-293T cells were transfected with constitutive Cas13b plasmid and/or gRNA1 or 2 and kept in dark 

for 48 h. Cells transfected with Cas13b and one gRNA showed less growth compared with the un-
transfected cells which demonstrated a uniform monolayer. Cells were fixated, DAPI stained and 

analyzed by confocal microscopy.  

 

Figure S1. Functionality of the gRNAs targeting GFP 

In darkness GFP accumulates similar to mCherry signal in transfected cells. Constitutive Cas13b and 

gRNA transfected cells showed decreased GFP signal under both conditions. HEK-293T cells were 

transfected with PGK-GFP (pTBPF018), SV40-mCherry (pTBPF014), constitutive Cas13b (pC046) and 
either gRNA1 or gRNA2 (pTBPF005, pTBPF006). After transfection cells were kept in dark for 24 h and 

illuminated for 48 h with 10 µmol m-2 s-1 and 460 nm light. Afterwards cells were fixated and imaged by 

confocal microscopy. 
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Supplements: 
 
Supplementary Table S1: Plasmids designed and used in this study. 
All plasmids were cloned using AQUA 1 or Gibson Cloning 2. 
 

Plasmid Description Reference or 

source 

pKM516 PSV40-Gal4BD-LOV2-tag-IRES-ePDZ-VP16-pA 3 

pC0046 PEF1a-PspCas13b-NES-HA-pA 4 

pTBPF001 5xGal4UAS-TATA-PspCas13b-NES-HA-pA 

PspCas13b-NES-HA was amplified from pC0046 using oligos 

oTBPF001/oTBPF002. The backbone was amplified using oligos 

oTBPF003/oTBPF004. Both fragments were assembled via 

AQUA cloning. 

This work 

pC0043 PU6-BbsI-PspCas13bDR-pA 4 

pTBPF015 PSV40-Firefly-pA 

Firefly was amplified using oligos oTBPF036/oTBPF037. 

pTBPF008 was linearized with XhoI/BamHI. Both fragments 

were assembled via AQUA cloning. 

This work 

pTBPF003 PU6-gRNA1(firefly)-PspCas13bDR-pA 

pC0043 was linearized by using BbsI restriction enzyme and 

assembled with oTBPF009 via AQUA cloning. 

This work 

pTBPF004 PU6-gRNA2(firefly)-PspCas13bDR-pA 

pC0043 was linearized by using BbsI restriction enzyme and 

assembled with oTBPF010 via AQUA cloning. 

This work 

pTBPF018 PPGK-eGFP-pA 

PPGK was amplified using oTBPF041/oTBPF042. The backbone 

was linearized by NheI/XhoI. Both fragments were assembled 

using AQUA cloning. 

This work 

pTBPF005 PU6-gRNA1(eGFP)-PspCas13bDR-pA 

pC0043 was linearized by using BbsI restriction enzyme and 

assembled with oTBPF011 via AQUA cloning. 

This work 

pTBPF006 PU6-gRNA2(eGFP)-PspCas13bDR-pA 

pC0043 was linearized by using BbsI restriction enzyme and 

assembled with oTBPF012 via AQUA cloning. 

This work 

pC0053 PCMV-dPspCas13b-NES-ADAR2DD-pA 4 

pTBPF007 5xGal4UAS-TATA-dPspCas13b-NES-ADAR2DD-pA 

dPspCas13b-NES-ADAR2DD was amplified from pC0053 using 

oligos oTBPF025/oTBPF026. The backbone was amplified using 

oligos oTBPF003/oTBPF004. Both fragments were assembled 

via AQUA cloning. 

This work 
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pTBPF008 PSV40-eGFPG67S-pA 
Mutation was inserted via site directed mutagenesis using oligos 

oTBPF027/oTBPF028. 

This work 

pTBPF009 PU6-gRNA(eGFPG67S)-PspCas13bDR-pA 
pC0043 was linearized by using BbsI restriction enzyme and 

assembled with oTBPF029 via AQUA cloning. 

This work 

pTBPF014 PSV40-mCherry-pA 
mCherry was amplified using oTBPF034/oTBPF035. pTBPF008 

was linearized with NotI/XbaI. Both fragments were assembled 

via AQUA cloning 

This work 

 
pC0043-PspCas13b crRNA backbone was a gift from Feng Zhang (Addgene plasmid # 103854 ; 
http://n2t.net/addgene:103854 ; RRID:Addgene_103854) 
 
pC0046-EF1a-PspCas13b-NES-HIV was a gift from Feng Zhang (Addgene plasmid # 103862 ; 
http://n2t.net/addgene:103862 ; RRID:Addgene_103862) 
 
pC0053-CMV-dPspCas13b-GS-ADAR2DD(E488Q)-delta-984-1090 was a gift from Feng Zhang 
(Addgene plasmid # 103869 ; http://n2t.net/addgene:103869 ; RRID:Addgene_103869) 
 
 
Supplementary Table S2: Oligonucleotides designed and used in this study. 
 

Oligo Sequence (5´à3´) 
oTBPF001 CGTTCGAGATCTGCGATCTAAGTAAGCTTGGCCACCATGAACATCCCCGC 

TCTGGTGGAAAAC 

oTBPF002 CTCCCATTCATAAGTTCCATAGGATGGGCGGCCGCTTAGGCATAGTCGGGGA 

CATCATATGG 

oTBPF003 GCGGCCGCCCATCCTATGG 
oTBPF004 GGTGGCCAAGCTTACTTAGATCGCAG 

oTBPF036 CATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGATCCCTGTGGAATGTGTG 
TCAGTTAGGGTG 

oTBPF037 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGAGCTTTTTGCAAAAGCCTA 

GGCCTCC 

oTBPF009 ATAGCCCCTCAAAACTGGACCTTCCACAACGAGGTGGACATTACCTACGCCGAG 

TACTTCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF010 ATAGCCCCTCAAAACTGGACCTTCCACAACCACGGTAAAACCATGACCGAGAAG 

GAGATCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF041 TTCTCATGTTTGACAGCTTATCATCGATAAGCTAGCTTGGGGTTGCGCCTTTTCC 

AAGGC 

oTBPF042 TTACCAGTTAACTTTCTGGTTTTCCAGTTCCTCGAGCTGGGGAGAGAGGTCGG 

TGATTC 
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oTBPF011 ATAGCCCCTCAAAACTGGACCTTCCACAACCTGGACGGCGACGTAAACGGCCAC 

AAGTTCGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF012 ATAGCCCCTCAAAACTGGACCTTCCACAACACCCAGTCCAAGCTGAGCAAAGAC

C CCAACCGGTGTTTCGTCCTTTCCACAAGATATATA 

oTBPF025 CGTTCGAGATCTGCGATCTAAGTAAGCTTGGCCACCATGAACATCCCCGCTC 

TGGTGGAAAAC 

oTBPF026 CTCCCATTCATAAGTTCCATAGGATGGGCGGCCGCTTAAACGGGCCCTCTAG 

GCTCGAG 

oTBPF027 CCCTGACCTACAGCGTGCAGTG 

oTBPF028 CACTGCACGCTGTAGGTCAGGG 

oTBPF029 ATAGCCCCTCAAAACTGGACCTTCCACAACTGCCCTGGCCCACCCTCGTGACCA 

CCCTGACCTACGGCGTGCAGTGGGTGTTTCGTCCTTTCCACAAGATATATAA 

oTBPF034 TTTTGTCTTTTATTTCAGGTCCCGGATCGAATTGCGGCCGCATGGTGAGCAAGG 

GCGAGGAGG 

oTBPF035 CTGGATCGAAGCTTGGGCTGCAGGTCGACTTCTAGACTACTTGTACAGCTCG 

TCCATGCCG 

 
Supplementary Table S3: guide RNAs designed and used in this study. 
 

gRNA Sequence (5´à 3´) 
Firefly 1  GAGGTGGACATTACCTACGCCGAGTACTTC 

Firefly 2 CACGGTAAAACCATGACCGAGAAGGAGATC 

GFP 1 CTGGACGGCGACGTAAACGGCCACAAGTTC 

GFP 2 ACCCAGTCCAAGCTGAGCAAAGACCCCAAC 

GFPG67S TGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTG 

 


