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1. Zusammenfassung 

 

Synthetische RNA-Schalter (Riboswitche) sind vielseitige und innovative Werkzeuge für 

die externe Regulation der Genexpression in Pro- und Eukaryoten. Riboswitche sind 

kleine RNA-Elemente, die aufgrund von Liganden-abhängigen 

Konformationsänderungen in cis die Expression der mRNA, in die sie eingebettet sind, 

regulieren. In Pflanzen wurden synthetische Riboswitche zur Regulation von Plastiden-

codierten Genen eingesetzt, wohingegen keine vorhergehenden Beschreibungen der 

Verwendung von Riboswitchen zur Regulation von Kern-kodierten Genen in intakten 

Pflanzen vorliegen. In dieser Arbeit werden die Eigenschaften eines Theophyllin-

gesteuerten synthetischen Aptazyms zur Regulation Kern-codierter Transgene in der 

Ackerschmalwand (Arabidopsis thaliana) beschrieben. Aktivierung des in den 3’-nicht-

codierenden Bereich des Zielgens eingebauten Aptazyms löste die schnelle 

autokatalytische Spaltung und den anschließenden Abbau der mRNA aus. Dieser 

Riboswitch ermöglichte die reversible, Theophyllin-abhängige Repression der 

Expression des Gens für das Grün fluoreszierende Protein (GFP) in Dosis- und Zeit-

abhängiger Weise. Einbau des Riboswitches in das One Helix Protein 1 (OHP1) 

ermöglichte es, ohp1-Mutanten zu komplementieren und den Phänotyp der Mutanten 

durch Zugabe von Theophyllin zu rekapiturlieren. Die Gehalte an GFP und OHP1 mRNA 

wurden um bis zu 90% verringert und der Gehalt an GFP-Protein um bis zu 95%. Die 

Ergebnisse dieser Arbeit etablieren synthetische Riboswitche als Werkzeug für die 

externe Genregulation in Pflanzen und ermöglichen somit ihre Anwendung in 

synthetischer Biologie oder der Herstellung maßgeschneiderter Nutzpflanzen. 
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2. Summary 

 

Ligand-responsive synthetic riboswitches are versatile and innovative tools for external 

gene regulation in pro- and eukaryotes. Riboswitches are small cis-regulatory RNA 

elements that regulate gene expression by conformational changes in response to 

ligand binding. In plants, synthetic riboswitches were used to regulate gene expression 

in plastids, but the application of synthetic riboswitches for the regulation of nuclear-

encoded genes in planta has not been reported so far. Here I characterize the properties 

of a theophylline-responsive synthetic aptazyme for control of nuclear-encoded 

transgenes in Arabidopsis (Arabidopsis thaliana). Activation of the aptazyme, inserted in 

the 3-UTR of the target gene, resulted in rapid self-cleavage and subsequent decay of 

the mRNA. This riboswitch allowed reversible, theophylline-dependent downregulation of 

the Green Fluorescent Protein (GFP) reporter gene in a dose- and time-dependent 

manner. Insertion of the riboswitch into the One Helix Protein 1 (OHP1) gene allowed 

complementation of ohp1 mutants and induction of the mutant phenotype by 

theophylline. GFP or OHP1 transcript levels were downregulated by maximally 90%, and 

GFP protein levels by 95%. These results establish artificial riboswitches as tools for 

externally controlled gene expression in synthetic biology in plants or functional crop 

design. 
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3. Introduction 

 

Regulation of gene expression in different organisms occurs naturally and represents 

variety of mechanisms: regulation of transcription (chromatin structure, histone 

methylation/acetylation, transcription factors, activators/repressors, enhancers/silencers, 

microRNAs), post-transcriptional regulation (microRNAs, riboswitches, ribozymes, 

splicing, RNA processing), regulation of translation (ribosome binding, upstream ORFs, 

iron response elements, microRNAs), post-translational modifications (phosphorylation, 

acetylation, ubiquitylation, etc.). Artificial regulation of gene expression accomplished 

with biotechnology methods is widely used by researchers in the fields of agriculture and 

medicine since the last century. Here, I will describe genetic tools for artificial regulation 

of gene expression in plants.  

  

3.1 Genetic tools for control of gene expression in plants. 

 

Artificial regulation of gene expression is a crucial tool for the functional studies and 

genetic improvements of crops. Since the time when the first induced mutations were 

introduced to plants, many new promising technologies were developed in the field of 

genetic manipulation, making possible precise and efficient genome editing. First 

attempts to induce mutations were made by chemical, physical, or biological (T-DNA 

insertion) mutagenesis. However, random and multiple mutations causing undesirable 

mutations and rearrangements have pointed on disability of these methods for accurate 

and precise gene editing (McCallum et al. 2000). Site-specific mutagenesis is used to 

introduce specific mutation into the gene of interest or any product of this gene. Specific 

mutation can be introduced by producing a double-strand breaks (DSBs). There are two 

existing mechanisms to repair DNA after DSBs: homologous recombination (HR) (Figure 

1A) that uses homologous sequence as a template for DNA repair, and non-homologous 

end joining (NHEJ) (Figure 1B,C,D) that often introduce mutation during the end joining 
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(Britt 1999). Gene targeting by HR in the plants showed very low efficiency due to the 

observation that the main pathway of DSBs repair in higher plants seems to be NHEJ 

(Ray and Langer 2002). As a consequence, NHEJ-based strategies might be more 

effective than HR-based strategies for targeted mutagenesis in higher plants.  

Sequence-specific nucleases (SSNs) can induce a DSBs in a specific chromosomal site. 

Several SSNs serve as tools for precise genetic manipulations in plants. First, zinc finger 

nucleases (ZFNs) were introduced, later transcription activator-like effector nucleases 

(TALENs), and, recently, clustered regularly interspaced short palindromic repeats and 

CRISPR-associated nucleases (CRISPR/Cas). However, the common problem of 

sequence-specific nucleases is off-target. 

Genetic tools based on chimeric transcription factors are broadly applied in plant biology 

to regulate transcriptional activity of the gene of interest (GOI). To date, ligand-inducible 

transcription factors (TFs), expressed either constitutively or from a tissue specific 

promoter, are the most broadly applied systems to achieve external induction of 

transgene expression in plants (Moore et al., 2006; Corrado and Karali, 2009). However, 

these systems have two major disadvantages: Firstly, they require the functionality of at 

least two transgenes, an inducer-sensitive transcription factor and the target gene with 

the binding site for the artificial transcription factor in its promoter region. Secondly, the 

expression level of artificial TFs may change substantially in response to endogenous 

(e.g. the cell cycle) or external factors.  

Artificial systems based on microRNAs or siRNAs are actively used for gene silencing in 

plants. In these systems, inducible expression of an artificial micro-RNA (miRNA) 

activates the endogenous RNAi machinery resulting in the production of small interfering 

RNAs (siRNAs). The siRNAs subsequently mediate the transcriptional and 

posttranscriptional silencing of homologous genes (Borges and Martienssen, 2015). 

Another common approach to activate the RNAi machinery is virus-induced gene 

silencing (VIGS) that uses engineered plant viruses containing parts of the target 

gene(s) in their genome (Kumagai et al., 1995; Ruiz et al., 1998). All these systems rely 

on functionality and activity of the many components of the endogenous RNAi system. 

Additionally, plant viruses often have a limited host range and bear the risk of unwanted 

spreading from plant to plant (Senthil-Kumar and Mysore, 2011).  
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Genetic tools based on riboswitches were recently introduced to plant biology and have 

already gained high interest from the researchers because of specificity and advantages 

over the other genetic tools for gene regulation in plants. I will provide detailed 

description of the riboswitches in next chapters.  

 

Figure 1. Genome editing by inducing double-strand brakes in plants (from (Puchta 

2017)). A, Gene targeting by homologous recombination (HR). The gene of interest 

(GOI) (in blue) is flanked by homologous regions (in red and orange) that are present in 

both, the vector DNA, and the host sequence for integration.  Then, HR occurs between 

homologous regions with consequence integration of the GOI into the host genome. B-

D, Gene targeting by non-homological end joining (NHEJ). Gene knock out (in red) by 

mutation induction. C, Gene knock in by NHEJ. DNA fragment integration (in blue). D, 

Controlled DNA fragment deletion (in blue). 

 

 

3.1.1. Zinc finger nucleases. 
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ZFNs are chimeric proteins composed of DNA recognition domain and non-specific DNA 

cleavage domain. DNA cleavage domain consist of non-specific FokI endonuclease that 

is fused to C-terminus of each zinc finger. DNA recognition domain consist of two zinc 

fingers each of them represented by three custom-designed zinc finger proteins each 

recognizing three nucleotides. Two zinc fingers bind opposite strands of DNA with a 

space between them around 6 nucleotides that allows FokI to dimerize and produce 

DSBs (Weeks, Spalding, and Yang 2016; Carroll 2014). ZFNs were successfully used 

for the precise genome editing in plants, but didn’t find wide distribution because of 

tedious and costly procedure of producing ZFN constructs (Lloyd et al. 2005; Shukla et 

al. 2009; Townsend et al. 2009; Osakabe, Osakabe, and Toki 2010; Wright et al. 2015) 

(Figure 2A). 

 

Figure 2. Sequence-specific nucleases (SSNs) that induce DSBs (Zhang et al. 2018). A, 

B, ZFNs and TALENs use FokI endonuclease to cut double strands of DNA. ZFNs and 

TALENs bind DNA from both sides, bringing together FokI monomers. When two FokI 

endonucleases form a dimer, the cleavage occurs. C, D, CRISPR/Cas9 system employs 

sgRNA for DNA binding and Cas9 or Cpf1 protein for DNA cleavage.  
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3.1.2. Transcription activator-like effector nucleases. 

 

Later, TALENs were developed as more promising genetic tool for plant biology (Cermak 

et al. 2011; Christian et al. 2013; Li et al. 2012; Mahfouz et al. 2011). TALENs work in a 

similar way to ZFNs but use for DNA recognition tandem repeats of 16 protein domain of 

34 amino acids each that bind opposite strands of DNA with a FokI nuclease between. 

Genome editing by TALENs has been applied to a wide variety of plants including 

Arabidopsis, tobacco, rice, wheat, etc.. (reviewed in (Zhang et al. 2018). Although easier 

to use than ZFNs, TALENs still require construction of complicated tandem repeat 

domains in the TAL proteins (Weeks, Spalding, and Yang 2016; Moscou and Bogdanove 

2009; Boch et al. 2009) (Figure 2B).  

 

3.1.3. Clustered regularly interspaced short palindromic repeats and CRISPR-associated 

nucleases. 

 

Recently, CRISPR/Cas based genome editing tool has been adapted from the type II 

CRISPR adaptive immunity system derived from Streptococcus pyrogenes. 

CRISPR/Cas system type II recognizes and targets foreign DNA from pathogens via 

acquisition, transcription, and interference. Through a process termed acquisition, 

foreign DNA is recognized and integrated as a spacer into CRISPR array. A short 

conserved sequence NGG named protospacer-adjacent motif (PAM) on a foreign DNA, 

act as a recognition motif for acquisition of spacer (Garneau et al. 2010; Marraffini and 

Sontheimer 2010; Knott and Doudna 2018). In the second step of CRISPR/Cas system 

function, pre-crRNAa including PAM are transcribed from the CRISPR array and are 

processed into CRISPR RNAs (crRNAs) with the help of Cas9 nuclease and tracrRNA 

that found to facilitate processing of pre-crRNA into crRNA by pairing with the repeat 

region of crRNA (Karvelis et al. 2013). During the final step, interference, crRNA guides 

Cas9 nuclease to the target sequence of the foreign DNA for producing DSBs and, thus, 

providing immunity against the pathogens. The components of the CRISPR/Cas system, 

crRNA and tracrRNA can be artificially fused to produce a chimeric single-guide RNA 
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(sgRNA) that will drive Cas9 nuclease to the target sequence to introduce DSBs 

(Garneau et al. 2010; Marraffini and Sontheimer 2010; Jinek et al. 2012) (Figure 2C). 

For targeting of the specific genomic sequence, an easily designed sgRNA with 20 bp 

spacer complementary to the target sequence at the 5’ end have to be engineered. 

Once target site is paired, Cas9 recognizes PAM on the target sequence, activates 

RucV and HNH cleavage domains and cut both strands three bases upstream of PAM. 

After the cleavage reaction, DSBs can be repaired by NHEJ or HR (Figure 1). Several 

reports show that CRISPR/Cas system introduce mostly single-base mutations (mostly 

A to T) and small deletions (1-50 bp). As a result of induce mutations, either frame-shift 

and loss-of-function, or fragmental deletions between the target sites occurs, depending 

on the number and position of the target mutation (Feng et al. 2014; Ma and Liu 2016; 

Ma and Liu 2015; Ma et al. 2015; Zhao et al. 2016; Kumar and Jain 2015). 

CRISPR/Cas system has shown high specificity for target genome editing, although off-

targets are common disadvantages for the system. However, off-target effects for plants 

considered to be less important than for the medical application. For plant breeding, it’s 

important to evaluate whether the off-target mutation cause negative, neutral, or positive 

effect on agronomic traits. Lines with off-target mutations of negative effect will be 

discarded during the selection process; or if necessary back-crossed with parent lines to 

overcome the negative effect of off-target mutation. Neutral and positive off-target 

mutations can retain in selected lines, therefore, off-target mutations that accompany 

genome editing by CRISPR/Cas system should be evaluated for the effect they cause, 

but may retain in the selected lines (Ma et al. 2016). 

CRISPR/Cas system is considered as a break-through technology mostly because of 

ability for diverse varieties of applications in precise genome editing, some of them are: 

multiplex genome editing, base-pair editing, RNA/DNA bioimaging and editing, 

modulation of splicing, transcriptional regulation, etc. The reports of usage of 

CRISPR/Cas system for genome editing in different model plants are growing rapidly 

over the last years (Nekrasov et al. 2013; Brooks et al. 2014; Jiang et al. 2013; Feng et 

al. 2014; Fauser, Schiml, and Puchta 2014). One of interesting examples of multiplex 

genome editing using CRISP/Cas system was the development of a hexaploid breed 

wheat that is resistant to powdery mildew infection via knock-out of all six alleles of the 
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TAMLO (Mildew-resistant locus) genes (Wang et al. 2014). CRISPR/Cpf1 system has 

demonstrated great potential in crop genome editing. Cpf1 nuclease recognizes T-rich 

PAMs and generates cohesive ends with four or five nucleotide overhangs that 

minimizes off-target effect. CRISPR/Cpf1 system has been applied to rice for targeted 

gene insertions and replacements, and targeted mutagenesis (Begemann et al. 2017; 

Xu et al. 2017). 

 

3.1.4. Chimeric transcription factors. 

 

Synthetic transcription factors are widely used in regulation of gene expression in plants. 

Transcription factors consist of two domains: DNA-binding domain (DBD) and effector 

domain that is able to affect transcriptional regulation (van Tol and van der Zaal 2014) 

(van Tol and van der Zaal 2014). Synthetic TFs are able to affect transcriptional activity 

(activate or repress) of endogenous genes in their native contexts as well as transgenes 

in crops. SSNs described above are used as the DNA-binding domain in artificial TFs, 

while CRISPR is the most promising of them (Liu and Stewart 2016). The common 

problem of synthetic TFs is off-target binding of the DBDs.  

Ligand-inducible synthetic TFs based on steroid-hormone receptors or on Aspergillus 

nidulans ALCR transcription factor that is induced by ethanol, are widely applied in 

plants (Moore, Samalova, and Kurup 2006). In these systems, steroid-hormone 

receptors linked to the chimeric TFs or ALCR TF by itself are combined with chimeric 

promoters for targeted transgene activation. The gene of interest is expressed under the 

chimeric promotor that contains only binding sites for the basic transcriptional apparatus 

and chimeric TFs but lacks binding sites for endogenous TFs (Moore, Samalova, and 

Kurup 2006). Without a ligand, steroid receptors interact with heat shock proteins 

preventing TF from interaction with essential partners. Binding of the ligand to the 

steroid-hormone receptor initiates transcription of the gene of interest.  

Ligand-inducible knock-down of the endogenous or transgene gene expression based 

on synthetic TFs with steroid-hormone receptors or alc system (based on ALCR TF) 

linked to shRNA have been implemented in plants recently (Guo et al. 2003; 



14 
 

Wielopolska et al. 2005; Lo, Wang, and Lam 2005; Nakaoka et al. 2012; Zhuang et al. 

2013; Liu and Yoder 2016). Application of a ligand induces transcription of shRNA, 

which recruits the RNAi machinery and implements silencing of the targeted gene.  

 

3.1.5. RNA interference. 

 

The phenomenon of RNA interference (RNAi) which involves gene silencing by small 

RNAs (sRNAs), such as small interfering RNA (siRNA) and microRNA, has emerged as 

one of the most popular approaches for the plant genetic studies (Kamthan et al. 2015). 

The siRNA-mediated silencing pathway recognize exogenous double strand RNAs 

(dsRNA), viruses, and other transcribed foreign DNA molecules as transgenes, that 

leads to post-transcriptional and/or transcriptional silencing of the targeted sequences 

(Mermigka, Verret, and Kalantidis 2016). The use of dsRNA has been the cornerstone of 

current gene silencing strategies reported to date, based mostly on hairpin RNA 

(hpRNA) constructs (Wesley et al. 2001). Although, siRNA-mediated downregulation of 

many genes in plants have been performed successfully, siRNAs often gain off-target 

effect (Ossowski, Schwab, and Weigel 2008). More recently, artificial microRNA 

(amicroRNA) have been used for gene silencing in many plant species (Schwab et al. 

2006; Warthmann et al. 2008; Alvarez et al. 2006). The miRNA-induced gene silencing 

(MIGS) reported to be successful in study of loss of gene functions in plants; although 

this technology can’t be applied for studies of genes that are required for basic cell 

function or development.  

 

3.1.6. Virus induced gene silencing. 

 

Virus induced gene silencing (VIGS) has become one of the most popular tools for 

down-regulating expression of the gene of interest (GOI). Once a virus enters the cell, 

viral double-stranded RNA (dsRNA) is targeted by the RNA silencing machinery to 

initiate a cascade of regulatory events directed by viral small interfering RNAs (vsiRNAs) 
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(Llave 2010). In the last few years, VIGS has frequently been applied for studying gene 

functions and metabolic pathways in different plants, including tomato (Liu, Schiff, and 

Dinesh-Kumar 2002), Arabidopsis (Dalmay et al. 2000), tobacco, and others. However, 

one of the major limitations of this approach is to identify an appropriate virus that can 

infect a wide range of hosts without causing any disease symptoms. Beside this, VIGS 

lack appropriate vectors, gene silencing is not possible in meristematic tissue, VIGS 

often results in incomplete silencing of a target gene, and VIGS approach involves 

viruses that can be easily transmitted to other plants (Senthil-Kumar and Mysore 2011).  

 

3.1.7. Riboswitches. 

 

Riboswitches are natural biosensors involved in the biosynthesis, catabolism, signaling 

or transport of its binding metabolite (Mandal and Breaker 2004). Riboswitches consist 

of two main domains: an aptamer that binds a metabolite and an expression platform 

that regulates the gene expression. When the levels of the metabolite increase in the 

cell, aptamer binds its ligand leading to conformational change of the expression 

platform resulting in up- or, most often, downregulation of the gene expression that is 

involved in the metabolite production (Mandal and Breaker 2004). This mechanism 

might be representative of an ancient form of genetic control that reacts to changes in 

the environmental or internal metabolite concentration and do not require the assistance 

of other supporting molecules, that consequently minimizes energy waste.  

Discovery of riboswitches in pro- and eukaryotes opened a new perspective for the 

ligand-induced regulation of the gene expression. Inspired by natural riboswitches, 

researchers have created synthetic riboswitch. Synthetic riboswitches took a competitive 

place among other silencing techniques due to possibility to regulate endogenous gene 

expression upon external addition of ligand, thus, making possible to switch on or off the 

gene expression at the different developmental stages of plants and in the study of the 

lethal, toxic, or functionally important genes. Moreover, riboswitches are cis-acting 

systems that allows combining the gene of interest and the regulatory element in a 

single transcript. Both, natural and synthetic riboswitches, were used to regulate reporter 
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and endogenous gene expression in a wide variety of organisms, including mammalian 

cells (Ausländer et al. 2014; Beilstein et al. 2015; Myouga et al. 2018), yeast (Klauser et 

al. 2015; Wittmann and Suess 2011; Win and Smolke 2007), plants (Bocobza et al. 

2007; Bocobza et al. 2013; Wachter et al. 2007; Shanidze N. In press.), algae 

(Ramundo et al. 2013), and cyanobacteria (Nakahira et al. 2013).  

 

3.2 Natural riboswitches.  

 

Natural riboswitches were identified in different organisms, from bacteria to higher 

plants. In prokaryotes, natural riboswitches control gene expression by regulation of 

transcription termination, or translation initiation, or RNA-cleavage (Figure 3) 

(Sinumvayo, Zhao, and Tuyishime 2018). 

  

Figure 3. Mechanism of riboswitch control of gene expression in bacteria (Serganov and 

Nudler 2013). Left:  transcription termination occurs when antiterminator hairpin 
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(complementary RNA regions in light blue) is not formed due to the conformational 

change after binding a ligand. Center: transcription antitermination occurs when bound 

metabolites stabilize the antiterminator hairpin that allows RNA polymerase (Pol) to 

complete transcription of the gene. Right: when metabolite binds, the riboswitch masks 

(up) or exposes (bottom) Shine-Dalgarno sequence, thus, inhibiting or initiating 

translation. GlnN6P, glucosamine-6-phosphate; 2′-dG, 2′ -deoxyguanosine; preQ1, pre-

queuosine-1; c-di-GMP, cyclic di-guanosyl-5′-monophosphate; Moco/Tuco, molybdenum 

and tungsten cofactors; SAH, S-adenosyl-L-homocysteine.  

 

The only one riboswitch that is found so far in both, pro- and eukaryotes, is a thiamine 

pyrophosphate (TPP) riboswitch. In fungi, algae and plants, TPP riboswitch regulates 

alternative splicing (Bocobza et al. 2007; Wachter 2014; Wachter et al. 2007).  In plants, 

TPP-dependent riboswitch mediates feedback control of intracellular TPP levels by 

masking or exposing the splicing site (ss) of TPP biosynthetic gene (THIC gene) (Figure 

4). The TPP riboswitch is located in the 3’ UTR of the THIC gene. When the TPP 

concentration is low, TPP riboswitch masks the 5’ss by the anti-5’ss, which is located in 

the stems P4-P5. When intracellular levels of TPP are high, TPP riboswitch exposes the 

5’ss of intron 2 that contains the polyadenylation site resulting in alternative splicing. The 

alternative splicing products are unstable without poly (A)-tail and, consequently, 

translation of TPP biosynthesis enzymes and TPP biosynthesis are attenuated (Bocobza 

and Aharoni 2014; Wachter et al. 2007). In fungi and algae, TPP riboswitch is located 

within the intron and masks the 5’ alternative splicing site, when the TPP is not bound to 

the riboswitch, by the anti-5’ss site that is located in the P4-P5 stems. When TPP level 

increases in the cell, TPP riboswitch binds a TPP and opens 5’ alternative ss resulting in 

introduction of the upstream start codons that compete with the translation of the main 

ORF in fungi (Cheah et al. 2007) and premature translation termination in algae (Croft et 

al. 2007).  
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Figure 4. Mechanism of the TPP riboswitch in plants (Bocobza and Aharoni 2014). TPP 

aptamer consist of five stems named P1 to P5. Grey boxes and thick black lines 

represent exons and introns, respectively. The alternatively spliced intron (int2) 

containing polyadenylation site is represented by dashed lines. 

 

In bacteria, TPP riboswitch inhibits translation by masking the Shine-Dalgarno (SD) 

sequence in the bound state (Figure 5) (Serganov et al. 2006). 

The mechanism of action of the TPP riboswitch is based on masking or exposing 

splicing site or SD sequence by the TPP aptamer and it doesn’t include self-cleavage 

reaction. 

 

Figure 5. Mechanism of the TPP riboswitch in bacteria (Serganov et al. 2006). Under the 

low concentration of TPP in a cell, Shine-Dalgarno (SD) sequence is exposed for the 
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ribosome (right, ON-state). When the TPP riboswitch binds its ligand, SD is sequestered 

by anti-SD sequence, preventing translation initiation (left, OFF-state). Complementary 

sequences are shown in blue. SD sequence and initiation codon are shaded green. TPP 

and Mg2+ ions are depicted in red and magenta, respectively.  

 

One interesting example of natural riboswitches from the cyclic-di-GMP class II 

represents a mechanism of interaction of c-di-GMP aptamer with a self-splicing group I 

intron in bacteria. C-di-GMP was first described in 1987 as an allosteric activator of a 

bacterial cellulose synthase (Ross et al. 1987). In this riboswitch, a C-di-GMP aptamer 

resides upstream of the 5’ ss of a group I intron and regulates self-splicing of the intron 

by masking or exposing the splicing site. In unbound state, c-di-GMP riboswitch 

prevents group I intron from self-splicing by binding the 5’ss by the anti-5’ ss sequence. 

When c-di-GMP binds to its aptamer, the 5’ ss becomes exposed and allows GTP-

dependent self-splicing of the group I intron, thereby joining the ribosome binding site 

(RBS) and the start codon, which are located on the 5’ and 3’ exons, respectively 

(Figure 6) (Lee et al. 2010).  

 

 

Figure 6. Proposed mechanism for the cyclic-di-GMP (c-di-GMP) riboswitch (Lee et al. 

2010; Hartig 2010). A, Precursor mRNA with the start codon UUG sequestered by the 

P10 stem of the group I intron (564 nucleotides between 5’ splice site (SS) and 3’ SS). 
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Binding of c-di-GMP to its aptamer in the 5’ exon (not shown) modifies the structure and 

activity of the group I intron and the 5’ SS. Green arrows indicate main GTP1 and 

alternative GTP2 attack sites. B, GTP and c-di-GMP together initiate splicing in the 5’- 

and 3’ splicing sites. Splicing of mRNA creates a perfect ribosome binding site 

AGGAGG, which initiates translation. C, In the absence of c-di-GMP, GTP attack at the 

alternative GTP2 attack site that is located four nucleotides upstream of the start codon 

is favored. Processed mRNA lacks a ribosome binding site, which prevents efficient 

translation initiation. 

 

The chemical nature of the signals that trigger riboswitches is very diverse, including 

nucleobases, amino acids, cofactors, metal ions, and second messengers (Parker et al. 

2011). Natural riboswitches are classified into different classes according to the 

metabolite they regulate. There are over 20 experimentally validated riboswitch classes 

that bind different types of molecules. One group of riboswitch classes recognize 

coenzymes, such as adenosylcobalamin (AdoCbl), thiamine pyrophosphate (TPP), flavin 

mononucleotide (FMN), S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), 

tetrahydrofolate (THF), and molybdenum/tungsten cofactors (Moco/Tuco). Riboswitches 

from another group recognize purines and some derivate purine compounds, such as 

adenine, guanine, prequeuosine-1 (preQ1), deoxyguanosine (dG), cyclic-di-GMP(c-di-

GMP), and cyclic-di-AMP (c-di-AMP). Riboswitches from the next group recognize 

amino acids, including lysine, glycine, and glutamine. Some of the riboswitches 

recognize metal cations such as Mg2+, the halide anion F− and glucosamine-6-

phosphate (GlcN6P) (reviewed in (Serganov and Patel 2012)). 

 

3.3 Synthetic riboswitches 

 

Inspired by natural riboswitches researchers have created synthetic ligand-inducible 

RNA elements for regulation of the targeted gene expression. Development of synthetic 

RNA aptamers via SELEX (Systematic Evolution of Ligands by Exponential enrichment) 
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along with rational design of the communication sequences brought the possibility to 

generate synthetic riboswitches that sense a broad variety of molecular inputs, such as 

proteins, RNAs, metabolites and co-factors (McKeague, Wong, and Smolke 2016; 

Townshend et al. 2015; Zhong et al. 2016). The option to design synthetic riboswitches 

with different aptamers makes them versatile tools for genetic control in diverse 

biological systems. 

There are two main classes of synthetic riboswitches: aptazymes and aptamer-based 

ribozyme-free systems. Synthetic riboswitches named the aptazymes (aptamer + 

ribozyme) are based on self-cleaving ribozymes as an expression platform, an aptamer 

domain that changes its conformation upon binding of a ligand, and communication 

sequence that transduces conformational change to the ribozyme, which is thereby 

activated or inactivated (described in the next chapter). Another type of synthetic 

riboswitches are the aptamer-based ribozyme-free systems, which consist of an aptamer 

that masks or exposes the important for gene regulation sites (RBS, ss, etc.) (they are 

described in the next chapter).  

The mechanism of action of synthetic riboswitches is very diverse in both, pro- and 

eukaryotes: masking/exposing ribosome binding or splicing site, preventing mRNA 

ribosome scanning, transcription termination, ribosomal frameshifting, etc. (Figure 7) 

(Etzel and Morl 2017).  
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Figure 7. Mechanism of gene regulation by synthetic riboswitches in pro- and eukaryotes 

(Etzel and Morl 2017). ON or OFF states represent up- or downregulation of gene 

expression. Aptamers are colored in green, ligands are shown as cyan round symbols. 

A, Synthetic riboswitch opens the ribosomal binding site (RBS) under application of a 
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ligand. B, Synthetic riboswitch sequester the terminator structure in unbound state. C, 

Ligand binding induces a slippage (gray element) in the helix that masks the RBS. This 

rearrangement destabilizes the helix, and the RBS becomes accessible for translation. 

D, Aptazyme sequester the RBS in unbound state. Upon binding a ligand, aptazyme 

performs self-cleavage reaction that releases the RBS and initiates translation. E, The 

aptamer is inserted downstream of the RBS and the start codon. Ligand binding initiates 

conformational change of an aptamer leading to the blockage of translation. F, Synthetic 

riboswitch as a biosensor. An aptamer that binds a fluorescent dye (red) is sequestered 

by another aptamer (green) in unbound state. Binding a ligand releases transducer 

sequence (gray) and the fluorophore can bind to the readout aptamer (red), resulting in 

a fluorescent signal. G, Regulation of splicing by synthetic riboswitch. An aptamer is 

inserted within the intron and regulates the accessibility of the 5′-splice site. Similarly, 3′-

splice site can be controlled. Binding a ligand releases the splicing site and induces 

splicing. H, Synthetic riboswitch induces the open reading frameshift. I, Synthetic 

riboswitch inserted in the 5’UTR of the gene of interest blocks the scanning by small 

ribosomal subunit (SU) under application of a ligand, resulting in inhibition of translation. 

K, Synthetic riboswitch controls IRES-mediated translation.  L, Aptazyme is inserted in 

the 5’- or 3’UTR of the gene of interest. Application of a ligand induce self-cleavage of 

the transcript that leads to downregulation of gene expression. M, The aptamer is 

designed in a way that binding a ligand induce the folding of the aptamer in a stem. 

Therefore, application of a ligand allows ribosome to shunt from a short open reading 

frame (sORF) to a downstream ORF (dORF).  

 

3.3.1 Aptazymes. 
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Aptazymes consist of an aptamer, self-cleaving ribozyme, and communication sequence 

(Figure 8). The aptamers are selected via SELEX de novo or are taken from the natural 

riboswitches. Typically, three classes of self-cleaving ribozymes are used for generation 

of efficient aptazymes:  hammerhead ribozyme (HHR), hepatitis delta virus ribozyme 

(HDV), and twister ribozyme. Communication sequence is generated in many variations 

(creating the library of aptazymes) and the best is selected for each aptazyme in vitro 

or/and in vivo.  

 

Figure 8. Structure of the theophylline aptazyme. Aptazyme consist of the hammerhead 

ribozyme as an expression platform, P1-F5 communication sequence, and theophylline 

aptamer.  

 

The most frequently used aptazyme that consist of the hammerhead ribozyme and the 

theophylline aptamer have been broadly applied to regulate gene expression in pro- and 

eukaryotes {Yen, 2004 #157;Win, 2007 #150;Wieland, 2008 #149;Ausländer, 2010 

#64;Klauser, 2015 #103;Kamiura, 2019 #203;Shanidze N., In press. #201}. Aptazymes 

based on tetracycline or neomycin aptamers were successfully developed and applied 

for ligand-inducible gene regulation in eukaryotes (Wittmann and Suess 2011). TPP and 

guanine, have been also employed in pro- and eukaryotes (Wieland et al. 2009; Nomura 

and Yokobayashi 2007; Nomura et al. 2013). 
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3.3.1.1 Self-cleaving ribozymes.  

 

There are nine classes of small self-cleaving ribozymes described so far: hammerhead 

(HHR), hairpin, hepatitis delta virus (HDV), Varkud satellite (VS), glmS, twister, twister 

sister, pistol, and hatchet motifs. Three of them are widespread in all domains of life and 

are commonly used for construction of the aptazymes: hammerhead, hepatitis delta 

virus, and twister ribozymes. The broad distribution of self-cleaving ribozymes suggest 

diverse biological functions. The known biological functions include RNA processing 

during rolling-circle replication, processing of retrotransposons, and pre-mRNA cleavage 

(Jimenez, Polanco, and Luptak 2015). The mechanism of the catalytic activity of the 

HHR, HDV, and twister ribozymes is based on phosphoryl transfer: the cleavage of the 

RNA phosphodiester backbone through a transesterification reaction (Figure 9B) (Scott, 

Horan, and Martick 2013; Reymond, Beaudoin, and Perreault 2009). 

 

3.3.1.1.1. Hammerhead ribozyme.  

 

The HHR was first found in viroids and virusoids, where it functions in the processing of 

rolling-circle transcripts (Prody et al. 1986). After, the HHR motif was discovered in many 

organisms across all domains of life and has different biological functions (Rojas et al. 

2000; Przybilski et al. 2005; Martick et al. 2008; Seehafer et al. 2011; de la Pena and 

Garcia-Robles 2010; Perreault et al. 2011). Originally, the HHR was characterized as 

370 nucleotides single-stranded genomic satellite RNA. Later, the ‘minimal sequence’ of 

the HHR that is required for functional activity has been revealed, which was composed 

of three helices that surround a catalytic core of 11 conserved nucleotides. This minimal 

motif was active at 10 mM Mg2+ concentration (Uhlenbeck 1987; Scott, Horan, and 

Martick 2013). Later was shown, that tertiary interactions between stems I and II are 

essential for ribozyme activity at physiological Mg2+ concentration (Khvorova et al. 

2003). The HHR secondary structure consist of three helices surrounded the catalytic 
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core containing 15 nucleotides essential for catalysis (Jimenez, Polanco, and Luptak 

2015). The cleavage site is located between 16th and 17th nucleotides (Figure 9A). The 

HHRs are divided in three class according to the connection to the mRNA (type I, II, and 

III).  

 

 

Figure 9. Structure and mechanism of cleavage of the hammerhead ribozyme. A, HHR 

type III (Przybilski et al. 2005). Scheme of the catalytic core of the HHR with stems I, II, 

and III indicated. The conserved nucleotides are shown in bold. The cleavage site is 

indicated by an arrow. B, General mechanisms of phosphoryl transfer catalysis (Hiller 

and Strobel 2011).  

 

3.3.1.1.2. Hepatitis delta virus ribozyme.  

 

The HDV ribozyme was first discovered in human hepatocytes infected with hepatitis B 

virus. Later, HDV-like ribozymes were found nearly in all branches of life (Webb et al. 

2009). These HDV-like ribozymes are found in the 5’ untranslated region (UTR) of the 

long interspersed nuclear elements (LINEs) and are associated with processing of 

retrotransposons (Webb et al. 2009; Ruminski et al. 2011; Eickbush and Eickbush 

2010). The HDV ribozyme is a 1700 nucleotides single-strand RNA virus. The self-

cleaving RNA motif derived from HDV varies from 85 to 95 nucleotides in length 

depending on the sequence variant and the polarity (Webb and Luptak 2011). The 

structure of the HDV ribozyme is composed of one stem (P1), one pseudoknot (P2), two 

stem-loops (P3 and P4) and three single-stranded junctions (J1/2, J1/4 and J4/2) (Figure 
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9). Overall, the global shape of the ribozyme is dominated by two coaxial helices formed 

by the stacking of the stems P1-P4 and the stems P2-P3 (Reymond, Beaudoin, and 

Perreault 2009). The ribozyme exists naturally in a minimal (lacking P4) or extended 

(extension of J1/2 and P4) form (Jimenez, Polanco, and Luptak 2015). The cleavage site 

is located in the P1 helix, at guanosine residue (Figure 10) (Webb and Luptak 2011). 

The function of the HDV-like ribozymes is dependent on the presence of metals because 

the divalent metal cation is stabilizing the negative charge on the 2’ nucleophile (Golden 

2011; Thaplyal et al. 2015). 

 

 

Figure 10. Schematic illustration of HDV ribozyme (Nomura et al. 2013). Four stems of 

HDV ribozyme are indicated as P1-P4.The stem-loop P4-L4 is indicated in the dotted 

box, which can be replaced with aptamer. The red arrow indicates the cleavage position.  

 

3.3.1.1.3. Twister ribozyme.  

 

Recently, a new class of self-cleaving ribozymes was discovered by bioinformatics 

studies. As well as the HHR and HDV, twister ribozyme is widespread in all domains of 

life (Roth et al. 2014). The genetic context of the twister ribozyme is similar to those of 
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the HHR, although the biological function of the twister ribozyme has yet to be 

discovered. There are three types of the twister ribozyme divided according to the 

position of termini: type 1, 3, and 5. Secondary structure of the twister ribozyme consist 

of three stems that are present in all types of the ribozyme – P1, P2, and P4. Three 

other stems are optional and appear in different types of the twister ribozymes – P0, P3, 

and P5. The structure of the twister ribozyme overall forms double pseudoknot by two 

long-range tertiary interactions, T1 and T2. The cleavage site is located within loop L1, 

between stems P1 and P2 (Figure 11) (Liu et al. 2014). 

 

Figure 11. Schematic illustration of Twister ribozyme type I (Liu et al. 2014). Stems are 

indicated as P1-P5, loops as L1-L4, tertiary interactions by T1, 2. The black arrow 

indicates the cleavage position. 

 

3.3.1.2. Aptamers.  

 

Aptamers are RNA or single-stranded DNA sequences that can bind a broad variety of 

ligands like cofactors, amino acids, antibiotics, proteins and metal ions (Patel 1997). 
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Some of the natural aptamers (for example, guanine, TPP) were used in design of the 

aptazymes. Synthetic aptamers are selected de novo via selection process called 

Systematic Evolution of Ligands by Exponential enrichment (SELEX). With this 

technique, RNA aptamers have been isolated with high affinity and binding specificity to 

concrete ligands. The number of synthetic aptamers used in the aptazyme design is 

continuously increasing. The most commonly used aptamers are theophylline, 

tetracycline, neomycin, etc.. I will describe the aptamers, which I used in my study 

below. 

The conventional process of SELEX includes multiple rounds of selection which allows 

to evaluate the aptamers with high affinity from the random oligonucleotide pool (Figure 

12). The selection process includes several steps. First, a library of 30-50 nt long 

oligonucleotides is carefully designed and amplified. Next, the aptamer library is 

incubated with the target molecule. Afterwards, the unbound sequences are separated 

and discarded. Then, selected aptamers are amplified with slight modifications. Finally, 

newly amplified pool of aptamers undergoes next round of selection. Usually, 8 to 20 

rounds of selection are performed that takes weeks or months (Sun and Zu 2015). 

Selected apatmers are not always functional in vivo due to the native physiological 

conditions in the cell that differ from in vitro conditions during SELEX. To close this gap, 

cell-SELEX method was developed recently that uses whole living cell as a target (Sefah 

et al. 2010). 
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Figure 12. The Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

cycle (Kinghorn et al. 2017). Initial library of aptamers is amplified and is selected in 

several rounds for ligand biding properties.  

 

3.3.1.2.1. Theophylline aptamer. 

 

Figure 13. Structure of the theophylline and theophylline aptamer (Zimmermann et al. 

2000). A, Chemical structure of the theophylline. B, Structure of the theophylline 

aptamer. Nucleotides conserved for ligand binding are enclosed by the box. 
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Theophylline is a methylxanthine related to caffeine that occurs naturally in some plants 

and can also be produced during caffeine degradation in the liver (Refs) has been used 

in therapy for respiratory diseases. Theophylline aptamer was selected via SELEX and 

have high affinity to its binding ligand (Figure 13) (Jenison et al. 1994). Theophylline 

aptamer is the most frequently used aptamer for synthetic riboswitches. It has been 

applied for construction of theophylline aptazyme or theophylline-based ribozyme-free 

system in a broad variety of organisms to regulate: inducible RNAi in mammalian cells, 

splicing in eukaryotes, splicing of intron I group, transcription in prokaryotes and plastid 

genomes, mRNA stability {Suess, 2004 #211;Ausländer, 2010 #64;Wieland, 2008 

#149;Verhounig, 2010 #141;Soukup, 1999 #227;Muranaka, 2009 #228;Shanidze N., In 

press. #201}. 

 

3.3.1.2.2. Guanine aptamer. 

 

Guanine aptamer is derived from the natural guanine riboswitch (Figure 14). Guanine 

aptamer has been used to construct guanine aptazyme for control of gene expression in 

mammalian cells (Nomura et al. 2013; Yokobayashi 2019).  

 

 

Figure 14. Structure of the guanine aptamer (Nomura et al. 2013). Sequence of the 

guanine aptamer. Communication sequence is marked with a dashed lines. Tertiary 

interaction between loops are important for ligand binding to the aptamer. 

 

3.3.1.2.3. TPP aptamer. 
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TPP aptamer is derived from/part of natural TPP riboswitch (Figure 4,5). It has been 

used in construction of the TPP aptazyme or by itself as a TPP-based ribozyme-free 

system to regulate gene expression in Arabidopsis, C. reinhardtii, and E.coli (Bocobza et 

al. 2013; Ramundo et al. 2013). An engineered TPP riboswitch with addition of anti-

Shine-Dalgarno sequence was inserted in the 5’UTR of the reporter gene to upregulate 

gene expression in E.coli (Nomura and Yokobayashi 2007).  

 

3.3.1.3. Communication sequence. 

 

The communication sequence links an aptamer and a ribozyme together and plays an 

important role in RNA folding effecting switching performance of the aptazyme. Rational 

design, meaning optimization of the length and secondary structure of the 

communication sequence in order to stabilize the output domain, can greatly enhance 

the aptazyme efficiency. This process includes generation of a random sequence for 

communication module of approximately 4 to 10 nt (so-called, the aptazyme library) with 

further selection for the best activation ration of the aptazyme. Some of communication 

sequences were designed to be universal for different types of ribozymes and 

aptazymes (Kertsburg and Soukup 2002). Firstly, communication sequences were 

optimized in vitro (Soukup and Breaker 1999; Kertsburg and Soukup 2002). Later, it was 

observed that not all aptazymes with optimized communication sequence in vitro were 

active in vivo. Since then, the number of reports about optimization of communication 

sequence in vivo increased dramatically. The library of the aptazymes was screened in 

bacteria, yeast, mammalian cells, C.elegans, etc. (Townshend et al. 2015; Nomura, 

Kumar, and Yokobayashi 2012; Beilstein et al. 2015; Ausländer, Ketzer, and Hartig 

2010).  

At the beginning, the method of optimization of communication sequence in vivo was 

similar to the one in vitro: generation of the library of aptazymes and screening for the 

best aptazyme efficiency. Later, FACS and NGS enriched in vivo screening (Townshend 
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et al. 2015). Computational design implies into the development of synthetic 

riboswitches. Although, the main problem for computational design is a feedback from 

the experimental part. The FACS-NGS method can help to overcome this problem by 

providing sequence information for the most active riboswitches. 

 

 

3.3.2. Aptamer-based ribozyme-free systems. 

 

The aptamer-based ribozyme-free systems consist of an aptamer and connection to the 

mRNA. Optimized secondary structure and the length of the aptamer’s P1 stem greatly 

improves efficiency of the aptamer. Theophylline aptamer inserted upstream of the 

Shine-Dalgarno (SD) sequence allowed upregulation of gene expression in bacteria 

(Lynch and Gallivan 2009; Suess et al. 2004). In this system, theophylline aptamer 

masks SD by anti-SD sequence in unbound state. Under application of theophylline, SD 

sequence becomes open that initiates translation. Translation initiation in eukaryotes 

was regulated by theophylline, neomycin, tetracycline, and biotin aptamers (Hanson et 

al. 2003; Weigand et al. 2008; Suess and Weigand 2009; Suess et al. 2012; Grate and 

Wilson 2001; Harvey, Garneau, and Pelletier 2002). Inserted in the 5’UTR, the aptamer 

prevents ribosome binding and inhibits translation. Theophylline and tetracycline 

aptamers were used to regulate splicing in eukaryotes (Weigand and Suess 2007; Vogel 

et al. 2018; Kim et al. 2005; Gusti, Kim, and Gaur 2008). The aptamer in this systems is 

placed near the 5’ss, branch point, or 3’ss, resulting in up- or downregulation of gene 

expression depending on a nature of the spliced product. Aptamer-based systems in 

photosynthetic organisms are described in a next chapter. 

 

3.4 Riboswitch-mediated regulation of gene expression in plants and 

other photosynthetic organisms in vitro or in vivo. 
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Riboswitch-mediated regulation of gene expression, as new genetic tool, was introduced 

to plants by different authors {Bocobza, 2007 #69;Verhounig, 2010 #141;Wachter, 2007 

#144;Doron, 2016 #80;Emadpour, 2015 #82;Ogawa, 2011 #125;Ramundo, 2013 

#128;Nakahira, 2013 #123;Shanidze N., In press. #201}.  

 

3.4.1 Natural riboswitches. 

 

Natural TPP riboswitch (translational OFF switch) has been successfully used for 

riboswitch-mediated control of gene expression in Arabidopsis and C. reinhardtii 

(Bocobza et al. 2013; Ramundo et al. 2013). In Arabidopsis, the YFP reporter (Yellow 

fluorescent Protein) gene was fused to the 3’ UTR of AtTHIC gene, containing TPP 

riboswitch, and was expressed under the CaMV-35S promoter. This construct was 

shown to respond to the external application of TPP, although, due to the endogenous 

levels of TPP in wild type plants, basal expression of the reporter gene was low and 

addition of external TPP caused only mild downregulation (Bocobza et al. 2013). When 

the same construct was introduced in the THIC-deficient mutant of Arabidopsis, much 

stronger downregulation of the YFP reporter gene expression was observed under 

external application of up to 500 nm of TPP (Bocobza and Aharoni 2014). Introduction of 

the native TPP riboswitch fused to the gene for the plastid-targeted transcription factor 

NAC2 in C. reinhardtii allowed downregulation of two essential chloroplast genes, rps12 

and rpoA, which were placed under control of the NAC2-dependent psbD promoter 

(Ramundo et al. 2013). 

A bacterial TPP riboswitch fused to the GFP reporter gene was also examined for 

functionality in the tobacco plastid genome. Unluckily, authors couldn’t detect any level 

of GFP transcripts (Verhounig, Karcher, and Bock 2010). In the same study, native 

adenine and glycine riboswitches (ON-switches) in the tobacco plastid genome didn’t 

show any difference under application of their ligand. Authors propose that intracellular 

level of these metabolites is too high to allow the further downregulation of the gene 

expression in response to exogenously supplemented ligands (Verhounig, Karcher, and 

Bock 2010). 
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3.4.2 Synthetic riboswitches. 

 

3.4.2.1. Aptamer-based ribozyme-free riboswitches 

 

Synthetic theophylline aptamer-based ribozyme–free translational ON switch was 

applied to regulate kaiC circadian clock gene expression in cyanobacteria in a dose-

dependent manner (Verhounig, Karcher, and Bock 2010; Emadpour, Karcher, and Bock 

2015; Nakahira et al. 2013). This synthetic theophylline ON switch system was 

developed by fluorescence activated cell sorting (FACS) in E.coli. It is based on RNA 

aptamer with optimized RBS and the connection between RBS and an aptamer (Lynch 

and Gallivan 2009). Interesting, Gallivan and colleagues provide some insights into 

influence of different variations of the RBS on the efficiency of the synthetic theophylline 

ON switch. Notably, the synthetic theophylline ON switch in this system allowed to 

induce luciferase reporter gene expression up to 190-fold (Nakahira et al. 2013). The 

mechanism of action of this system is based on exposing of the RBS under application 

of theophylline. Without theophylline, synthetic theophylline aptamer is masking 

ribosome binding site (RBS). When theophylline is applied, the riboswitch binds a 

theophylline and performs conformational change, resulting in exposure of the RBS. 

Thus, translation is initiated after addition of theophylline to this system (Figure 15) 

(Nakahira et al. 2013).  

 

 

Figure 15. Mechanism of action of a prokaryotic theophylline aptamer-based riboswitch 

(Nakahira et al. 2013). In the absence of theophylline, synthetic riboswitch sequesters 
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the ribosome-binding site (RBS) by anti-RBS site. In the presence of theophylline, 

synthetic riboswitch changes its confirmation, resulting in the exposure of the RBS and 

the initiation of translation of the gene of interest. 

 

Similar to previous, synthetic aptamer-based ribozyme–free translational ON switch 

fused to the GFP reporter gene was successfully introduced into the tobacco plastid 

genome. Synthetic theophylline aptamer used in this study, is composed from the 

theophylline aptamer and a communication module. Similar to the previously described 

system, theophylline aptamer contains Shine-Dalgarno (SD) sequence, which is 

exposed when the aptamer binds theophylline, thus, initiating translation. Application of 

2.5 mM theophylline induced the GFP reporter gene expression in a moderate way 

(Verhounig, Karcher, and Bock 2010). In order to boost riboswitch efficiency, Bock with 

his colleagues put T7 polymerase under the control of synthetic theophylline ON switch 

(Figure 16).  This system, named RNA amplification-enhanced riboswitch (RAmpER), 

allowed to increase synthetic theophylline riboswitch efficiency 100-fold (Emadpour, 

Karcher, and Bock 2015). 

 

Figure 16. Map of the plastid transformation vector designed for RNA amplification-

enhanced riboswitch (RAmpER) (Emadpour, Karcher, and Bock 2015). Reporter gene 

GFP and the gene for T7 RNA polymerase are expressed under the control of the 

theophylline-responsive synthetic riboswitch. Under the application of theophylline, T7 

polymerase expression is induced that triggers T7 promoter-dependent GFP expression 
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from the cassette. PT7: T7 RNA polymerase promoter; TT7: T7 RNA polymerase 

terminator; 5UTR G10: leader sequence from gene10 of bacteriophage T7. 

 

Another synthetic aptamer-based ribozyme–free translational ON switches were 

designed for an eukaryotic a cell-free translational system (wheat germ extract) by 

Ogawa and colleagues (Ogawa 2011). The system is based on fusion of the aptamer to 

the internal ribosome entry sites (IRES). The IRES are located upstream of the start 

codon and allow cap-independent translation initiation without scanning of the mRNA in 

eukaryotes. Authors provide information regarding rational design of the synthetic 

ribozyme–free aptamer-based translational ON switch. Shorty, IRES is modified with: 

anti-IRES sequence (aIRES) that inactivates IRES by separating pseudoknot III, which 

is necessary for IRES functioning; anti-anti-IRES sequence (aaIRES) that restores IRES 

activity; an aptamer; and the modulator sequence (MS) that stabilizes both aaIRES and 

aptamer in OFF state (Figure 17, left). When the aptamer binds its ligand, aaIRES binds 

aIRES that unblock pseudocknot III and IRES becomes active (ON state), thus allowing 

translation initiation (Figure 17, right) (Ogawa 2011). 
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Figure 17. Schematic illustration of IRES-based ligand-inducible system (Ogawa 2011). 

After binding a ligand to the aptamer, synthetic riboswitch performs a conformational 

change, resulting in translation initiation by IRES. MS, thick green - modulator sequence; 

aIRES, red - anti-IRES sequence; aaIRES, purple - anti-anti-IRES sequence; SL - stem–

loop; PK – pseudoknot. 

 

Ogawa and colleagues also designed a second, very similar synthetic aptamer-based 

ribozyme–free translational ON switch for use in wheat germ extract (Ogawa et al. 

2017). The system is based on fusion of the aptamer to the 3’ cap-independent 

translation enhancers (CITE) of Barley yellow dwarf virus (BYDV) (Ogawa et al. 2017). 

CITEs are located in the 3' UTR, bind mRNA-recruiting translational components, and 
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engage in kissing-loop interactions with a hairpin loop located in the 5’ end of the RNA 

(Simon and Miller 2013). Shortly, stem IV was replaced with an aptamer by splitting the 

aptamer sequence on the right and left side to form a stem (Figure 18). When aptamer 

binds its ligand, it forms a stem, thus allowing kissing-loop interactions between stem III 

and the complementary sequence in the 5’ UTR and recruits 43S ribosome complex to 

the 5’ end through interaction with the initiation factor complex eIF4F following with 

translation initiation (Ogawa et al. 2017). 

 

 

Figure 18. Schematic illustration of a 3’ cap-independent translation enhancer (CITE)-

based theophylline-inducible riboswitch (Ogawa et al. 2017). Upon binding of 

theophylline, the CITE adopts its active conformation and the purple part of stem loop 

(SL) III interacts with the 5’ untranslated region of the mRNA to allow translation 

initiation. 

 

3.4.2.2.  Aptazymes. 

 

To our knowledge, the only one example of application of the aptazyme in plants was 

performed in our lab (Alexander Rex, Felina Lenkeit, Nana Shanidze, and Dietmar 

Funck) and it is the main subject of the present doctoral thesis (Shanidze N. In press.). 

Theophylline aptazyme in our study was used to regulate both, reporter and 

endogenous gene expression in Arabidopsis in a time- and dose-dependent manner. 

Binding of theophylline to the aptamer induces a conformational change of the aptazyme 
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resulting in autocatalytic self-cleavage. Loss of the poly (A)-tail destabilizes the 

functional transcript and turns off gene expression (Figure 19). 

 

Figure 19. Mechanism of theophylline-dependent regulation of gene expression by the 

theophylline aptazyme. Theophylline aptazyme is inserted in 3*-UTR of the GFP reporter 

gene. Binding theophylline to the aptazyme induces autocatalytic cleavage reaction 

resulting in switching off GFP expression. 

 

3.5 One helix protein gene (OHP1) as a target for the theophylline 

aptazyme. 

 

One-helix proteins (OHPs) are related to the early light-induced proteins (ELIPs) family. 

They are accumulated in thylakoid membranes under the light stress conditions 

(Adamska, Ohad, and Kloppstech 1992; Engelken, Brinkmann, and Adamska 2010).  

Arabidopsis genome contains two OHP genes, OHP1 and OHP2, which encode proteins 

of 110 and 172 amino acids, respectively, with calculated molecular masses of about 12 

to 19 kDa. Like other members of ELIP family, OHP1 shows increased expression under 

high light stress (Jansson et al. 2000). Ohp1-1 mutants have pale phenotype and 

reduced growth comparing to the wild type grown in the same conditions. After transfer 

of homozygous ohp1-1 mutants to soil seedlings died (Beck et al. 2017). Complemented 

mutants of OHP1 restore wild type phenotype (Beck et al. 2017). OHP1 found to be 
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necessary for accumulation of photosystem II complexes (Beck et al. 2017; Myouga et 

al. 2018; Hey and Grimm 2018).  
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4. Aim of the work. 

 

The aim of the current work was to establish synthetic riboswitches as tools for 

regulation of nuclear gene expression in plants. For this purpose, I inserted the 

theophylline aptazyme based on the HHR and the theophylline aptamer into the 3’UTR 

of the reporter gene in Arabidopsis. As a results of this experiments, theophylline 

aptazyme in transgenic plants showed ligand-inducible downregulation of the reporter 

gene expression. Next, the aim of my work became detailed kinetic characterization of 

ligand-inducible regulation of gene expression on the RNA and protein levels. For this 

purpose, I selected the homozygous lines of the plants carrying active and inactive 

theophylline aptazymes, as well as active and inactive hammerhead ribozymes, and 

performed experiments with application of a theophylline to transgenic plants carrying 

aptazymes at different time points and doses. As a result, I provide the detailed 

information about the time- and dose-dependent regulation of the reporter gene 

expression by theophylline aptazyme on the transcript and protein levels. Next, my aim 

was to apply the theophylline aptazyme for regulation of the endogenous gene 

expression. For this purpose, I choose the OHP1 gene, which is known to be involved in 

functioning of the photosystem II. Seedlings of the ohp1-1 mutants are pale that can be 

easily detected by eye. I used the theophylline aptazyme linked to the complemented 

copy of the OHP1 transcript in ohp1-1 complemented mutants to downregulate the 

OHP1 gene expression. As a result, application of the theophylline to the transgenic 

plants induced downregulation of the OHP levels that resulted in the mutant pale 

phenotype. As theophylline is toxic for plants, my next aim was to find an alternative 

aptazyme that is induced by non-toxic ligand. For this purpose, I introduced several 

aptazymes based on non-toxic natural aptamers (TPP and guanine) to regulate reporter 

gene expression in Arabidopsis. The guanine apatzyme inserter in the 3’UTR of the 

reporter gene showed ligand-inducible regulation of the reporter gene expression, 

whenever the TPP aptazyme inserted in the 3’UTR of the reporter gene didn’t show any 

changes in gene expression under the application of its ligand. Next, my aim was to 

characterize regulation of the reporter gene expression in transgenic plants carrying 
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guanine aptazyme. For this purpose, I selected the homozygous lines of the plants 

carrying active and inactive guanine aptazymes, as well as active and inactive HDV 

ribozymes. As a result, I provide the detailed information about ligand-inducible 

regulation of the reporter gene expression by guanine aptazyme on the transcript and 

protein levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Results. 
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5.1 A library of ribozyme- and riboswitch-dependent expression cassettes. 

 

To analyze the functionality of the modified S. mansoni hammerhead ribozyme (HHR) 

and the theophylline-inducible aptazyme (aTheoAz) derived from it, we generated a 

series of different expression cassettes with the Green Fluorescent Protein (GFP) gene 

under control of the Cauliflower Mosaic Virus 35S promoter and the Octopine Synthase 

terminator (OCS-3’) from Agrobacterium TI-plasmids ((Ferbeyre, Smith, and Cedergren 

1998), Figure 20). Between the coding sequence of GFP and the OCS-3’ we inserted 

either an active, modified HHR (aHHR) or an inactive variant (iHHR). Two other 

constructs contained either the aTheoAz or a theophylline-binding, but catalytically 

inactive aptazyme (iTheoAz; Figure 20C).  

The HHR in these aptazymes is completely inactivated by an A to G mutation in the 

catalytic core to demonstrate that the observed changes in gene expression depend on 

self-cleavage (Figure 20A). To generate a ligand-responsive aptazyme, stem-loop III of 

the HHR has been replaced by a synthetic theophylline aptamer linked via an optimized 

communication sequence (Ausländer, Ketzer, and Hartig 2010; Yen et al. 2004). The 

aptamer used in our aptazymes was developed by in vitro evolution and has a high 

affinity and specificity for theophylline, a caffeine derivative (Jenison et al. 1994). For 

adoption of the active conformation of the catalytic core, HHRs depend on closure of 

stem III and tertiary interactions between loops L1 and L2 (Khvorova et al. 2003) (Figure 

20B). The proposed general base and general acid catalysis mechanism of the cleavage 

reaction involves interactions between one adenosine and two guanosine residues 

(Scott, Horan, and Martick 2013). When a ribozyme or aptazyme is inserted into the 3’-

UTR of an mRNA, self-cleavage separates the poly-A-tail from the protein-coding 

sequence and thereby destabilizes the transcript (Figure 20B).  

All constructs were stably inserted into Arabidopsis plants by Agrobacterium-mediated 

transformation and homozygous lines were selected for characterization. 
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Figure 20. Structure and regulatory mechanism of the theophylline-inducible aptazyme. 

A, Sequence and secondary structure of the theophylline-inducible aptazyme (aTheoAz) 

built in VARNA (Darty et al., 2009). The hammerhead ribozyme (HHR) is plotted in grey, 

the communication sequence in green and the theophylline aptamer in blue. Tertiary 

interactions between loops L1 and L2 are indicated by magenta coloring. The A residue 

that is mutated to G in the inactive variants is marked in red. Nucleotides of the catalytic 

core that are involved in the cleavage reaction are marked in yellow, interactions 

between these nucleotides are indicated by grey dashed lines. The two cytosines 

between which the phosphodiester backbone is cleaved (cleavage site) are marked in 

orange. B, Proposed mechanism of de-stabilization of the GFP mRNA by theophylline-

induced autocatalytic cleavage of the aTheoAz. C, Schematic illustration of the different 

constructs tested in transgenic Arabidopsis plants. aHHR: constitutively active HHR, 
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iHHR: inactive HHR, aTheoAz: aHHR with theophylline aptamer, iTheoAz: iHHR with 

theophylline aptamer. 

 

5.2 Suppression of gene expression by insertion of the hammerhead ribozyme into the 

3’ UTR. 

 

Transgenic plants with the GFP:aHHR or GFP:iHHR constructs were screened for GFP 

expression by epifluorescence microscopy of leaves. As expected for free GFP, green 

fluorescence was observed in the cytosol and at slightly higher levels in the nuclei in 

lines with the GFP:iHHR construct. GFP fluorescence in lines with the GFP:aHHR 

construct was very low and is virtually invisible in images with gain and contrast settings 

optimized for the GFP:iHHR construct (Figure 21A). 

To quantify the difference in GFP expression levels between lines carrying the active 

and inactive ribozymes, we analyzed GFP fluorescence in soluble protein extracts of 2-

week-old seedlings. Lines with the GFP:aHHR construct showed very low levels of GFP 

fluorescence with a slight variation between independent transgenic lines, whereas lines 

with the GFP:iHHR construct mostly showed strong GFP expression with on average 

more than 50-fold higher fluorescence intensities (Figure 21B). From the tested lines, we 

selected one representative homozygous line for each construct for the detection of GFP 

protein and mRNA by Western and Northern blot, respectively. While the GFP:iHHR 

construct induced high levels of GFP protein and transcript expression, neither GFP 

protein nor transcript were detected in transgenic plants with the GFP:aHHR construct 

when the exposure time was optimized for detection of GFP mRNA or protein in the 

GFP:iHHR plants (Figure 21C,D). 
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Figure 21. GFP expression levels in transgenic lines carrying the GFP:aHHR and 

GFP:iHHR constructs. A, Epifluorescence images of mature leaves from greenhouse-

grown plants with the constitutively active ribozyme (aHHR) or the catalytically inactive 

(iHHR) ribozyme in the 3’-UTR of the GFP expression cassette. Exposure time and 

contrast settings are identical for both images. B, GFP fluorescence was quantified in 
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soluble protein extracts of 2-week-old seedlings of independent transgenic lines grown 

under short-day conditions in sterile culture. Columns represent the average +SE of 

three independent biological replicates. C, Representative Western blot showing 

detection of GFP in soluble protein extracts of seedlings carrying the GFP:iHHR 

construct, but not in seedlings with the GFP:aHHR construct. UDP-glucose 

pyrophosphorylase (UGPase) was used as loading control, the positions of molecular 

weight markers are indicated at the left. D, Detection of GFP transcripts in 3-week-old 

seedlings by Northern blot. EtBr stained 25S-rRNA is shown as loading control. 

 

 

5.3 Downregulation of gene expression by the theophylline-inducible aptazyme inserted 

in the 3’ UTR. 

 

In order to determine the theophylline tolerance of Arabidopsis seedlings, we germinated 

wild type seeds on agar plates with different concentrations of theophylline. After two 

weeks, the roots were shorter in all samples with addition of theophylline in comparison 

to the control samples without theophylline (Figure 22A). The root lengths in the control 

seedlings were 72.4 ± 3.0 mm and they were gradually reduced to 16.5 ± 1.2 mm in 

seedlings cultivated in the presence of 1.5 mM theophylline. Size and number of the 

leaves were also negatively correlated to the concentration of theophylline, but up to 1.5 

mM all leaves appeared healthy without macroscopic chlorosis or necrosis. We also 

examined the influence of different concentrations of theophylline on photosynthetic 

apparatus (Figure 22B,C,D). Based on this experiment, we chose maximally 1.5 mM 

theophylline in the culture medium for detecting changes in GFP protein expression in 

transgenic plants carrying the aTheoAz or iTheoAz constructs. 
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Figure 22. Effect of theophylline treatment on the growth and photosynthesis of 

Arabidopsis seedlings. Seedlings were grown for two weeks in long-day conditions or for 

four weeks in short-day conditions on ½x MS-agar plates with 2% Suc with or without 

theophylline as indicated in the figure. A, representative pictures of 2-week-old plants 

cultivated in long-day conditions. Average root lengths ±SE are given below the panels 

(16≤N≤19 from three independent plates). White lines in the background indicate 1 cm 

distance. B, Photosynthetic capacity (Fv/Fm) in the dark-adapted state, as a measure for 

damage to the photosynthetic apparatus. C, Quantum efficiency of photosystem II 

-acclimated state as a measure of the efficiency of photosynthetic 

energy conversion. D, Inducible energy dissipation (NPQ) in the light-acclimated state. 

NPQ depends on the proton gradient across the thylakoid membranes and on 

violaxanthin to zeaxanthin conversion. In B-D, columns represent the average of 6 

plants +SD, cultivated on two independent plates per treatment. Different letters above 

the columns indicate significant differences (p<0.05 in one-way ANOVA with Tukey’s 

post-hoc Honestly Significant Difference test). 

 

In preliminary experiments, we observed that it takes up to two weeks until changes in 

GFP protein expression become apparent after the application of theophylline to 

axenically grown seedlings. Therefore, we cultivated transgenic plants carrying 

aptazymes on plates with 0 or 1 mM theophylline for 14 days for quantification of GFP 

expression by fluorescence measurements in soluble protein extracts. Three 

homozygous lines with the active aptazyme showed between 87% and 93% lower GFP 

expression upon growth on 1 mM theophylline compared to growth in the absence of 

theophylline (Figure 23A). In contrast, in all three homozygous lines with the inactive 

aptazyme a trend towards higher GFP expression after growth on 1 mM theophylline 

was observed, although the increase was only significant in one of the lines (Figure 

23B). 
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Figure 23. GFP expression levels in lines carrying the active and inactive theophylline 

aptazymes. A, B, Seedlings of three homozygous lines carrying GFP:aTheoAz or 

GFP:iTheoAz constructs were grown on ½x MS-agar plates with 2% Suc and 0 or 1 mM 

theophylline. After two weeks, GFP fluorescence was quantified in soluble protein 

extracts. Columns represent the average +SE of 3 biological replicates. Numbers above 

the bars represent the average response ratio (GFP fluorescence in control plants/GFP 

fluorescence in theophylline-treated plants). *, ** indicate significant differences to 

control plants (p < 0.05 and 0.01, respectively, in student’s T-tests). C, D, Relative GFP 

protein or transcript levels (normalized to UDP-glucose pyrophosphorylase or 26S rRNA, 

respectively, and to control seedlings) determined by Western blot or Northern blot in 

soluble proteins or total RNA extracted from seedlings of GFP:iTheoAz line 5. C, GFP 

protein levels in seedlings of GFP:iTheoAz line 5 were grown for two weeks on 0 to 1.5 

mM theophylline. D, Seedlings of GFP:iTheoAz line 5 were cultivated for four weeks in 

the absence of theophylline (ctrl), for four weeks continuously on 1.5 mM theophylline 

(cont), or for 2 weeks on 1.5 mM theophylline followed by two weeks of recovery on 

plates without theophylline (rec). In C and D, Columns represent the average +SE of 3 
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biological replicates. Different letters above the columns indicate significant differences 

(p < 0.05 in one-way ANOVA of square root-transformed values with Tukey’s post-hoc 

Honestly Significant Difference test). 

 

From the tested lines, we selected one representative homozygous line for each 

construct and used these two lines for detailed characterization of theophylline-

dependent control of GFP expression (Figure 24). By fluorescence microscopy, a lower 

GFP signal intensity was detected in seedlings with the GFP:aTheoAz construct after 

two weeks cultivation in presence of 1.5 mM theophylline, whereas no decline in green 

fluorescence was observed in seedlings with the GFP:iTheoAz construct (Figure 25). 

Quantitative analysis of GFP fluorescence in soluble protein extracts showed that in the 

GFP:aTheoAz line 3, GFP expression was reduced by 88%, 92%, and 93% when the 

seedlings were cultivated for two weeks in the presence 0.5 mM, 1.0 mM, and 1.5 mM 

theophylline, respectively (Figure 24A). Although the GFP fluorescence was not 

significantly different between 0.5 and 1.5 mM theophylline in the overall comparison, 

there was a strong negative correlation (Pearson coefficient -0.945) between 

theophylline concentration and GFP fluorescence. Similar results to the GFP 

fluorescence assay were obtained when GFP expression was quantified from Western 

blot signal intensities. The GFP signal intensity was reduced by 92%, 93%, and 95% 

when the seedlings were cultivated in the presence 0.5 mM, 1.0 mM, and 1.5 mM 

theophylline, respectively (Figure 24B,C). In contrast, the GFP signal intensity in 

seedlings of the GFP:iTheoAz line 5 was increased 1.9-fold in the presence of 1 mM 

theophylline compared to the untreated control, while at 0.5 mM and 1.5 mM 

theophylline, the differences were not significant (Figure 23C). 
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Figure 24. GFP protein expression levels in transgenic lines carrying the active and 

inactive theophylline aptazymes. A-C, Seedlings of GFP:aTheoAz line 3 or GFP:iTheoAz 

line 5 were grown on ½x MS-agar plates with 2 % Suc supplemented with 0 to 1.5 mM 

theophylline under long day conditions. After two weeks, soluble proteins were extracted 

and analyzed for GFP fluorescence and GFP protein level. A, Relative GFP 

fluorescence in soluble protein extracts. B, Relative GFP protein levels (normalized to 

UDP-glucose pyrophosphorylase) in soluble protein extracts determined by Western 

blot. C, D, Representative Western blots of the quantitative analyses in B and E. 

Positions of molecular weight markers are indicated at the left. E, Normalized GFP 

protein levels in extracts of seedlings cultivated for four weeks in the absence of 
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theophylline (Ctrl), for four weeks continuously on 1.5 mM theophylline (Cont), or for 2 

weeks on 1.5 mM theophylline followed by two weeks of recovery on plates without 

theophylline (Rec) under long day conditions. In A, B, and D, columns represent the 

average +SE of 3 biological replicates. Numbers above the bars represent the average 

response ratio (GFP fluorescence or protein level in control plants/GFP fluorescence or 

protein level in theophylline-treated plants). Different letters above the columns indicate 

significant differences (p<0.05 in one-way ANOVA with Tukey’s post-hoc Honestly 

Significant Difference test; Western blot signal intensities were square root-transformed 

for statistical analysis). 

 

In order to analyze whether riboswitch-mediated down-regulation of gene expression is 

reversible, seedlings carrying the GFP:aTheoAz or GFP:iTheoAz constructs were grown 

for two weeks on medium with 1.5 mM theophylline and were then transferred to 

medium without theophylline. After two weeks of recovery, the level of GFP expression 

in the GFP:aTheoAz plants was 14 times higher compared to plants that were cultivated 

continuously in the presence of 1.5 mM theophylline (Figure 24D,E). In seedlings 

exposed for 4 weeks to 1.5 mM theophylline, the level of GFP expression was reduced 

by 97% compared to control seedlings, whereas in the seedlings that were allowed to 

recover during two weeks, GFP expression was reduced only by 67%. Under the same 

conditions, the presence or withdrawal of 1.5 mM theophylline did not alter GFP 

expression in the GFP:iTheoAz line (Figure 23D). To observe whether growth inhibition 

by theophylline is reversible, we also transferred WT plants to plates without 

theophylline after two weeks of growth on plates with 1.5 mM theophylline. While 4 

weeks exposure to 1.5 mM theophylline under long-day conditions damaged the plants, 

the plants that were rescued after 2 weeks to plates without theophylline almost reached 

the same size as control plants (Figure 26).  



55 
 

 

Figure 25. Theophylline-dependent downregulation of GFP fluorescence in plants with 

the GFP:aTheoAz construct. Seedlings of the GFP:aTheoAz line 3 and GFP:iTheoAz 

line 5 were grown for two weeks in short-day conditions on ½x MS-agar plates with 2% 

Suc with 1.5 mM or without theophylline as indicated in the figure. After two weeks, 

pictures of individual plants were captured with a Zeiss AxioZoom V16 microscope in 

bright field or fluorescence mode. Exposure time and contrast settings for all seedlings 

are identical (3.5 s for GFP fluorescence, 7 s for bright field). 

  

  

Figure 26. Recovery of Arabidopsis seedlings after 1.5 mM theophylline application. WT 

seedlings were grown on ½x MS-agar plates with 2 % Suc and without (Control) or with 

supplement of 1.5 mM theophylline for two weeks in long-day conditions. After two 

weeks, some seedlings from plates with theophylline were transplanted to plates without 

theophylline supplement and were grown additional two weeks (Recovery). Control 
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seedlings grew four weeks without theophylline supplement; Continuous - seedlings 

grew four weeks on plates with 1.5 mM theophylline. 

 

To evaluate the short-term influence of theophylline on aptazyme-containing GFP 

transcripts, we performed Northern blots with total RNA extracted from mature leaves 

after application of theophylline or water via infiltration (Figure 27A,B,C). When the 

infiltration was performed carefully, the leaves did not sustain mechanical injuries and 

did not develop lesions within 48 h after treatment with 2 mM theophylline (Figure 28).  

In leaves carrying the iTheoAz construct, high GFP transcript levels were detected that 

did not change 24 h after infiltration of leaves with 2 mM theophylline (Figure 27A). To 

analyze the time- and dose-dependent response of the GFP:aTheoAz construct to 

theophylline application, we infiltrated leaves of transgenic line 3 with 0 to 2 mM 

theophylline and analyzed the level and integrity of GFP transcripts at different times 

after infiltration (Figure 27A,B,C). Both full-length and truncated transcripts were 

detected in the leaves of plants with the GFP:aTheoAz construct even in water-infiltrated 

leaves (Figure 27A). Three hours after infiltration with 2 mM theophylline, the reduction 

in the level of full-length GFP transcripts was the strongest and comprised 90.4% 

(corresponding to a 10.4-fold difference between the ON- and the OFF-state; Figure 

27B). Three hours after infiltration with 1.0 mM theophylline the reduction was 82.8% 

(corresponding to a 5.8-fold difference). Even in leaves infiltrated with 0.1 mM 

theophylline, the reduction in GFP transcript levels was significant 3 h after infiltration 

and comprised 52.4%. One and two days after infiltration with theophylline, the level of 

full-length GFP transcripts started to recover at most theophylline concentrations tested 

(Figure 27C). The level of GFP transcripts 24 h and 48 h after infiltration with of 2 mM 

theophylline were reduced by 76.7% and 54.5% compared to the level of GFP 

transcripts water-infiltrated leaves. When the leaves were infiltrated with 0.4 mM 

theophylline or above, the reduction in GFP transcript levels was still significant at 24 h 

and 48 h after infiltration.  
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Figure 27. GFP transcript levels in transgenic lines carrying active and inactive 

theophylline aptazymes quantified by Northern blot analysis. A-C, Mature leaves of 4- to 

6-week-old plants of GFP:aTheoAz line 3 were infiltrated with the indicated 

concentrations of theophylline and harvested at 3 h, 24 h or 48 h after infiltration. Leaves 

of plants from GFP:iTheoAz line 5 were harvested 24 h after infiltration with water or 2 

mM theophylline. A, Representative Northern blots showing GFP transcripts of 

GFP:aTheoAz line 3 and GFP:iTheoAz line 5 at 3 h and 24 h, respectively, after 

application of 0 to 2 mM theophylline. B, C, Quantification of full-length GFP transcripts 

normalized to 25S rRNA and to the level of GFP transcripts in leaves infiltrated with 

water. Columns represent the average +SE from 5-7 Northern blots for each time series. 

Numbers above the columns represent the average response ratio (transcript level in 

water-treated leaves/transcript level in theophylline-infiltrated leaves). D, Three-week-old 

plants of GFP:aTheoAz line 3 were transferred to a hydroponic cultivation system 

(Figure 29). Two weeks after the transfer, the nutrient solution was supplemented with 

the indicated concentrations of theophylline. Full-length GFP transcript levels were 
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quantified after 1 day, 4 days and 7 days of theophylline supply and normalized to the 

25S rRNA loading control and the samples without theophylline. Columns indicate the 

average +SE of 4 biological replicates, each containing leaves of two individual plants. 

In all panels, *, ** indicate significant differences to the water-infiltrated leaves (p < 0.05 

and 0.01, respectively, in single sample T- tests of log-transformed response ratios). 

 

 

Figure 28. Effect of infiltration with 2 mM theophylline on mature Arabidopsis leaves. No 

macroscopic lesions are visible after infiltration of mature leaves from 6-week-old wild 

type Arabidopsis plants with 2 mM theophylline. Pictures were made before or 3 h, 24 h, 

and 48 h after infiltration. Leaves remained attached to the plant for the time between 

the pictures. 

 

Infiltration of leaves with theophylline solution offers the possibility to analyze 

theophylline- and water-infiltrated leaves from the same plant simultaneously but it 

requires a lot of manual work. For the observation of long-term effects of gene down-

regulation, repeated infiltration would be required. Therefore, we analyzed the possibility 

to apply theophylline to mature plants via the roots. We chose a hydroponic cultivation 

system because soil microbes might alter the theophylline concentration in the growth 

medium. Three-week-old plants were transferred to a hydroponic cultivation system and 

after two weeks of further growth, the medium was supplemented with different 

concentrations of theophylline (Figure 29).  
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Figure 29. Hydroponic culture system for theophylline application via the roots. 

Arabidopsis plants harboring a GFP expression cassette with active or inactive 

theophylline aptazyme were cultivated in 2 liter pots with nutrient solution. The nutrient 

solution was continuously refreshed at a rate of 1 liter per 24 h while being mixed and 

aerated with an aquarium pump.  

 

At one, four and seven days after the addition of theophylline, the level of full-length 

GFP transcripts was quantified in leaf samples (Figure 27D). At 0.01 mM theophylline, a 

significant drop of the GFP transcript level by 60.5% was evident after one day of 

theophylline application. With 0.1 mM theophylline or more, the GFP transcript levels 

were significantly lower than in the control plants at all analyzed time points. At all 

concentrations tested, the decline of the GFP transcript level was most pronounced one 

day after the onset of theophylline supply. After one day supply of 0.5 mM theophylline 

via the roots, the decrease of the GFP transcript level (84% less) was more pronounced 

compared to one day after infiltration of leaves with 0.4 mM theophylline (61.5% less; 

Figure 27C,D).  
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5.4 aTheoAz-dependent downregulation of OHP1 causes defects in photosynthesis. 

 

In order to be broadly applicable, an artificial riboswitch should be able to reduce gene 

expression of endogenous genes as well. Because an efficient method for site-specific 

and accurate insertion of foreign DNA into the genome of Arabidopsis is still missing, we 

chose to use conditional complementation of a T-DNA insertion mutant of One Helix 

Protein 1 (OHP1) to demonstrate the utility of riboswitches for the regulation of 

endogenous genes. Failure to assemble or stabilize photosystems causes seedling 

lethality in ohp1 mutants, which complicates the analysis of the precise gene function. A 

construct containing the OHP1 cDNA with an aTheoAz in the 3’UTR under control of the 

CaMV 35S promoter had been used previously to complement the seedling-lethal 

phenotype of ohp1-1 mutants (Beck et al., 2017). However, treatment of these plants 

with theophylline did not cause phenotypical changes, presumably because the residual 

transcript level still allowed the synthesis of sufficient amounts of OHP1 protein. 

Therefore, we generated a construct for switchable OHP1 expression under the control 

of the endogenous promoter of OHP1 and the theophylline aptazyme 

(PrOHP1:OHP1:aTheoAz) and a corresponding construct containing an inactive 

aptazyme as control. When these constructs were introduced into heterozygous ohp1-1 

mutants, already in the T1-generation homozygous ohp1-1 mutants were recovered that 

showed autotrophic growth and normal fertility. Most of the complemented mutants were 

visually indistinguishable from WT plants, and only such lines were used for further 

experiments.  

We selected at least 3 homozygous lines (homozygous for both the ohp1-1 mutation and 

the riboswitch construct) with either the active or the inactive aptazyme in the 3’-UTR of 

the OHP1 expression cassette. Transfer of 2-week-old, axenically cultured seedlings to 

plates with 2 mM theophylline for four days caused a reduction of full-length OHP1-

transcript levels by 78% to 90% in lines with the aTheoAz but not in lines with the 

iTheoAz construct (Figure 30A). No phenotypic changes were visible in WT plants or 

complemented ohp1-1 mutants under these conditions (Figure 31). When the mutants 

complemented with the OHP1:aTheoAz construct were germinated and cultivated in 
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presence of 1.5 mM theophylline, the level of OHP1 protein was reduced by 76% in 4-

week-old seedlings, whereas seedlings with the OHP1:iTheoAz construct had 

unchanged OHP1 levels (Figure 30B). The decrease in OHP1 protein was accompanied 

by a chlorotic phenotype of the plants complemented with the OHP1:aTheoAz construct, 

resembling homozygous, uncomplemented ohp1-1 mutants. In contrast, no significant 

changes in chlorophyll content were observed in lines with the OHP1:iTheoAz construct 

(Figure 32). Consistent with a reproduction of the ohp1-1 mutant phenotype, 

photosynthetic capacity (Fv/Fm) was reduced in the lines with the OHP1:aTheoAz 

construct (Figure 30C). Both chlorosis and reduction of Fv/Fm were most pronounced in 

the oldest leaves of the plants. In the absence of theophylline, photosynthetic capacity in 

the selected OHP1:aTheoAz line was 7.2% lower compared to Col-0 WT plants and 

ohp1-1 mutants complemented with the OHP1:iTheoAz construct. Fv/Fm values were 

not changed by theophylline in Col-0 WT plants and in ohp1-1 mutants complemented 

with the OHP1:iTheoAz construct. In contrast, Fv/Fm in seedlings of the OHP1:aTheoAz 

line was reduced by 23.2% compared to WT seedlings on plates with 1.5 mM 

theophylline. On plates without theophylline, all seedlings grew equally well, but in the 

presence of 1.5 mM theophylline, the ohp1-1 mutants complemented with the 

OHP1:aTheoAz construct stayed smaller than WT seedlings and the ohp1-1 seedlings 

with the OHP1:iTheoAz construct. 
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Figure 30. Aptazyme-mediated downregulation of OHP1 expression. Homozygous ohp1-

1 seedlings carrying constructs with OHP1 under control of its native promoter and 

either an active or an inactive aptazyme in the 3’-UTR were grown in axenic culture in 

short-day conditions. A, Two-week-old seedlings were transferred for four days to plates 

with or without 2 mM theophylline and OHP1 transcripts in rosettes were detected by 

Northern blot. Panels: Representative blots showing OHP1 transcript levels in mutants 

carrying the active riboswitch construct (PrOHP1:OHP1:aTheoAz) or the inactive control 

construct (PrOHP1:OHP1:iTheoAz) and EtBr stained 25S rRNA as loading control. 

Graph: Quantification of full-length OHP1:aTheoAz and OHP1:iTheoAz transcript levels 

normalized to the rRNA loading control and to control samples. B, OHP1 protein level in 

4-week-old seedlings cultivated in the absence or presence of 1.5 mM theophylline. 

Panels: Representative blots with the Coomassie-stained membrane as loading control. 

Graph: Quantification of OHP1 signals relative to the LHC intensity.  Columns in A and B 

represent the average +SE of three to four independent experiments. Numbers above 
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the bars indicate the response ratio (expression levels in control samples/expression 

levels in treated samples). Significance was analyzed by single sample T-tests on log-

transformed response ratios. *: p < 0.05 and **: p < 0.01. C, Photosynthetic capacity 

(Fv/Fm) of 4-week-old seedlings cultivated in the absence or presence of 1.5 mM 

theophylline. Chlorophyll fluorescence was measured before and during a single 

saturating flash and false-colored Fv/Fm images were generated with the ImagingWin 

software. Values below the pictures are the average ±SE of 11 to 17 seedlings. Different 

letters indicate significantly different values (p < 0.001 by two-way ANOVA with Tukey’s 

post-hoc Honestly Significant Difference test). 

 

  

Figure 31. Effect of transplanting two-week-old Arabidopsis seedlings to 2 mM 

theophylline. WT plants were grown on ½x MS-agar plates with 2 % Suc for two weeks 

in short-day conditions and then transferred to fresh plates either with or without 2 mM 

theophylline. Pictures were taken 4 days after the transfer. 

 

  

 

without theophylline 4 days with 2 mM theophylline
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Figure 32. Effect of theophylline-mediated downregulation of OHP1 on chlorophyll 

content. ohp1-1 mutants complemented with OHP1 under control of its native promoter 

and an additional theophylline aptazyme were grown on ½x MS-agar plates with 2 % 

Suc with or without 1.5 mM theophylline for four weeks in short-day conditions. (A) 

Pictures of representative seedlings. Light and contrast settings are identical in all 

pictures. (B) Quantitative analysis of chlorophyll content after extraction in 80% action. 

Columns represent the average +SE of 3 biological replicates. Different letters above the 

columns indicate significant differences (p < 0.05 in one-way ANOVA with Tukey’s post-

hoc Honestly Significant Difference test). 

 

5.5 Regulation of reporter gene expression by the guanine-inducible aptazyme. 
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In order to test synthetic riboswitches that are induced by non-toxic for plants ligands, I 

introduced guanine and TPP aptazymes into Arabidopsis. For this purpose, I generated 

series of different expression constructs with the Firefly Luciferase (FLuc) reporter gene 

under control of the Cauliflower Mosaic Virus 35S promoter and the Octopine Synthase 

terminator (OCS-3’) from Agrobacterium TI-plasmids. In the 3’UTR of FLuc reporter 

gene I inserted active or an inactive aptazymes and ribozymes. Guanine aptazyme used 

in this study was optimized in mammalian cells by Associate Prof. Yokobayashi and his 

colleagues (Figure 33) {Nomura, 2013 #60}. Totally, eight constructs were generated 

and transformed into Arabidopsis plants by Agrobacterium-mediated transformation: 

FLuc:HDVaGua, FLuc:HDVa, FLuc:HDViGua, FLuc:HDVi, FLuc:TwaTPP, FLuc:Twa, 

FLuc:TwiTPP, FLuc:Twi. Transgenic plants were screened for the luciferase expression 

by spraying leaves of transgenic plants with 2mM D-Luciferin solution and further 

exposure under the CCD camera. T2 generation was selected and screened for the 

luciferase signal. Selected plants were infiltrated with appropriate ligand in order to test 

the changes in FLuc gene expression on transcript levels.  
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Figure 33. Schematic structure and mechanism of the guanine-inducible aptazyme. A, 

Sequence and secondary structure of the guanine-inducible aptazyme linked to the 

3’UTR of the Firefly Luciferase (FLuc) reporter gene. The sequence of HDV ribozyme is 

colored in blue, of the communication sequence in marine green and of the guanine 

aptamer in green. Point mutation that inactivates ribozyme is shown in magenta. 

Cleavage site is indicated with arrow. B, The mechanism of self-cleavage reaction of the 

aptazyme after binding a guanine. Guanine aptazyme is inserted in the 3’UTR of the 

FLuc reporter gene. When the guanine aptazyme binds its ligand, self-cleavage of the 

transcript occurs resulting in downregulation of FLuc reporter gene expression. 

 

Lines with the FLuc:TwaTPP construct didn’t show any changes of the luciferase 

transcript levels under the application of 5 mM TPP (Figure 34, left). I selected 
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homozygous lines for this construct, but none of them showed induction of the reporter 

gene expression under the application of TPP (data not shown). After the first test, 

several lines with the FLuc:HDVaGua construct showed reduction of the luciferase 

transcript levels under the application of 2.5 mM guanosine (Figure 34, right).  

As the FLuc:HDVaGua construct showed ligand-inducible regulation of Fluc gene 

expression, I proceeded transgenic plants carrying active or inactive guanine aptazymes 

and HDV ribozymes for further selection.  During the selection process, lines carrying 

active HDV ribozyme FLuc:HDVa didn’t show any luciferase activity on protein level, 

whereas lines carrying inactive HDV ribozyme FLuc:HDVi construct showed strong 

luciferase signal. Lines carrying active FLuc:HDVaGua or inactive FLuc:HDViGua 

guanine aptazymes showed similar luciferase activity in unbound state (without 

application of guanosine). From the tested lines, I selected one representative 

homozygous line for each construct for the detection of luciferase protein and mRNA by 

Western and Northern blot, respectively (Figure 35). To quantify the difference in 

luciferase expression levels between lines carrying the active and inactive HDV 

ribozymes, I analyzed luciferase protein and transcript expression levels in 2-week-old 

seedlings. Homozygous line carrying active ribozyme FLuc:HDVa  didn’t show any 

luciferase activity on protein level (Figure 35E). However, small amounts of FLuc:HDVa  

transcript were detected by Northern blot (Figure 35F). Homozygous lines carrying 

inactive HDV ribozyme FLuc:HDVi construct showed strong luciferase signal on both, 

protein and transcript levels (Figure 35EF). Homozygous lines carrying active guanine 

aptazyme FLuc:HDVaGua showed 4- and 2.5-fold reduction of the luciferase gene 

expression on the transcript and protein levels, respectively, under the application of 2.5 

mM guanosine for two weeks (Figure 35AC).  Lines carrying inactive guanine aptazyme 

FLuc:HDViGua showed altered luciferase gene expression on both, transcript and 

protein levels (Figure 35AC).   
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Figure 34. Examination of the switching ability of the guanine and TPP active aptazymes 

under the application of their ligands. Mature leaves of 4-6-week old transgenic plants 

were infiltrated with appropriate ligand and water as a control. After 3h, samples were 

collected and frozen in a liquid nitrogen for further analysis by Northern blot. Transcript 

levels of active TPP aptazyme FLuc:TwaTPP didn’t change under the application of 

5mM TPP (left). Reduction of transcript levels of FLuc:HDVaGua in some transgenic 

lines under the application of 2.5 mM guanosine (right).  
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Figure 35. Guanine-inducible regulation of the Firefly luciferase reporter gene 

expression in Arabidopsis. Seedlings of lines FLuc:HDVaGua, FLuc:HDViGua, 

FLuc:HDVa, and FLuc:HDVi were grown on ½x MS-agar plates with 2 % Suc 

supplemented with 0 or 2.5 mM guanosine under short day light conditions. After two 

weeks, seedlings were collected for further analysis. Soluble proteins were extracted 

and analyzed for FLuc protein level by Western blot. RNA was extracted and analyzed 

for FLuc transcript levels by Northern blot.  A, Relative FLuc protein levels (normalized 

to UDP-glucose pyrophosphorylase) in soluble protein extracts determined by Western 

blot. B, Representative Western blot of the quantitative analyses in A. C, Quantification 

of full-length FLuc transcripts normalized to 25S rRNA and to the level of FLuc 

transcripts in control plants. D, Representative Northern blot of the quantitative analyses 

in C. In A and C, columns represent the average +SE of 3 biological replicates. Numbers 

above the bars represent the average response ratio (luciferase expression in control 

plants/luciferase expression in guanosine-treated plants). Sign * indicates significant 

differences to the control plants (p < 0.05 in single sample T- tests of log-transformed 

response ratios). E, Western blot of the FLuc protein levels in a soluble protein extract 

from the seedlings carrying active FLuc:HDVa or inactive FLuc:HDVi ribozymes. F, 

Northern blot of the FLuc transcript levels from the seedlings carrying active FLuc:HDVa 

or inactive FLuc:HDVi ribozymes. 
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6. Discussion 

In this study, I demonstrate the feasibility of using artificial aptazymes for the external 

regulation of nuclear-encoded genes in higher plants. As intended, the ligand-induced 

activation of the theophylline aptazyme (aTheoAz) derived from the S. mansoni 

hammerhead ribozyme allowed regulating the level of functional transcripts as well as 

the level of expressed protein for both, reporter and endogenous genes, with a high 

dynamic range. Independent of the target gene, activating the aTheoAz resulted in 84% 

to 95% downregulation of gene expression depending on theophylline concentration and 

application time. 

 

6.1 Aptazyme-mediated downregulation of the reporter gene transcript levels. 
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When leaves of transgenic plants with the aTheoAz construct were infiltrated with 

theophylline solutions, full-length GFP transcripts rapidly disappeared in a dose-

dependent manner. In leaves infiltrated with 0.1 mM theophylline, the GFP transcript 

level was reduced by 52% after 3 h, while after 24 h and 48 h, the effect was no longer 

significant. Twenty-four hours after infiltration with 0.4 mM or 0.7 mM theophylline, the 

GFP transcript levels were very similar compared to 3 h after infiltration. Even 48 h after 

infiltration, the GFP transcript level was still significantly decreased when theophylline 

concentrations of 0.4 mM or above were used. In leaves treated with 2 mM theophylline, 

the GFP transcript was reduced 3 h after infiltration to below 10% of the initial value, 

while it recovered to 23% after 24 h and to 46% after 48 h, indicating that theophylline is 

either diluted by transport to other parts of the plant or metabolized within the leaf. 

These results demonstrate that aptazyme-mediated transcript destabilization works 

rapidly and efficiently, and even after a single application of theophylline, there is a time 

window of at least 24 h in which the effect of lower transcript levels can be analyzed.  

Because repeated infiltrations pose the risk of wounding stress, we added theophylline 

to the growth medium in sterile or hydroponic culture for prolonged, continuous 

exposure. Similar to the application via infiltration, adding theophylline to the hydroponic 

culture medium caused a transient decrease of the level of full-length GFP transcripts in 

plants carrying the GFP:aTheoAz construct. Even when only 0.01 mM theophylline were 

added to the nutrient solution, the level of GFP transcripts was reduced by 61% after 

one day. After transfer to medium with 0.5 mM theophylline, the reduction of the GFP 

transcript level by 84% after one day was very similar to leaves infiltrated with 1 mM 

theophylline (reduction by 83% after 3 h). This similar response to half the concentration 

of theophylline indicates that theophylline was efficiently taken up by the roots and 

transferred to the leaves, where it might have accumulated to higher concentrations than 

in the supplied nutrient solution. Despite the continuous supply of theophylline, the level 

of full-length GFP transcripts recovered partially after 4 and 7 days, supporting the 

hypothesis that theophylline can be metabolized in Arabidopsis leaves and the capacity 

to do so may be induced by theophylline exposure. 
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As guanosine is not toxic for plants at tested concentration, application of guanosine 

through germination medium allows to track changes on both, transcript and protein 

levels. Active guanine aptazyme allowed downregulation of the luciferase transcript 

levels by 75%, whereas inactive guanine aptazyme showed altered luciferase 

expression under the application of 2.5 mM guanosine. Although, the switching 

efficiency of the guanine aptazyme is lower comparing to the efficiency of the 

theophylline aptazyme, guanine aptazyme has an advantage over the theophylline 

aptazyme as being induced by non-toxic ligand. 

 

6.2 Aptazyme-mediated downregulation of the reporter gene protein levels. 

 

Growing Arabidopsis seedlings on sterile culture plates containing theophylline proved to 

be the most robust way to detect changes in GFP protein expression. Quantifying 

Western blot signals or measuring fluorescence in soluble protein extracts gave nearly 

identical results. In 2-week-old plants with the GFP:aTheoAz construct grown in the 

presence of 1.5 mM theophylline, GFP expression was reduced to below 5% of the level 

of plants grown in the absence of theophylline. In lines with the GFP:iTheoAz construct, 

GFP fluorescence never decreased in response to theophylline, on the contrary, a 

relatively small increase was observed occasionally. A previous report described 

symptoms of theophylline toxicity in tobacco at concentrations of 5 mM or above 

(Verhounig et al., 2010). We observed a dose-dependent inhibition of Arabidopsis 

seedling photosynthesis and growth on medium containing theophylline up to 1.5 mM, 

but symptoms of toxicity were observed only after 2 weeks on 2 mM or more 

theophylline. No negative effects were observed in leaves infiltrated once with 2 mM 

theophylline or in 3-week-old seedlings transferred to hydroponic nutrient solution 

containing up to 0.5 mM theophylline. Both, growth inhibition and downregulation of GFP 

expression were partially reversible. When 2-week-old seedlings with the aTheoAz 

construct grown on 1.5 mM theophylline were transferred to plates without theophylline 

for additional two weeks, the GFP protein level recovered to 33% of the level in the 

control seedlings, which was 14-times higher compared to seedlings that continued to 
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grow on 1.5 mM theophylline (98% reduction compared to control seedlings). Under the 

same conditions, only a trend towards recovery of the GFP transcript level was 

observed, indicating that even small changes in the balance between translation and 

protein degradation can lead to the accumulation of higher levels of GFP protein. Either 

longer times would be needed to decrease intracellular theophylline to a concentration 

that allows significantly higher GFP transcript levels or the degradation products of the 

GFP transcripts had induced gene silencing. In seedlings with the GFP:iTheoAz 

construct, GFP expression stayed constant even after 4 weeks on 1.5 mM theophylline. 

Active guanine aptazyme allowed downregulation of the luciferase protein levels by 

40%, whereas inactive guanine aptazyme showed altered luciferase expression under 

the application of 2.5 mM guanosine. 

 

6.3 Expression levels of the ribozymes. 

 

When the catalytically inactive hammerhead ribozyme (iHHR) was encoded in the 3’-

UTR of a GFP overexpression cassette, only full-length transcripts were detected and 

GFP expression was high. Replacement of the iHHR with the active variant (aHHR) 

destabilized the mRNA and full-length transcripts as well as GFP protein were nearly 

undetectable. GFP fluorescence was reduced by 98% compared to the level detected in 

transgenic plants with the iHHR construct. 

Similar to the iHHR, inactive HDV ribozyme inserted in the 3’UTR of the luciferase 

reporter gene (Fluc:HDVi), showed high protein expression levels and the full-length 

transcripts were detected. However, with active HDV ribozyme inserted in the 3’UTR of 

the luciferase reporter gene (Fluc:HDVa), small amounts of  full-length transcripts were 

detected, but not luciferase protein. It may indicate that cleaved transcript Fluc:HDVa is 

stable enough to be detectable by Northern blot, but it is not translated. 

 

6.4 Differences in expression levels between active and inactive aptazymes. 
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Insertion of the iTheoAz into the 3’UTR of the GFP expression cassette yielded high 

levels of GFP transcripts and protein that did not change consistently in response to 

theophylline. Plants carrying the aTheoAz in the 3’-UTR of the GFP mRNA showed on 

average 2- to 6-fold lower GFP expression levels compared to plants carrying the 

GFP:iHHR or GFP:iTheoAz constructs. Background activity in the absence of 

theophylline was also observed with the isolated aTheoAz in vitro and the high 

specificity of the theophylline aptamer makes it unlikely that endogenous metabolites 

interfere with the activation of the aptazyme (Jenison et al., 1994; Ausländer et al., 

2010). The most likely explanation of the difference in GFP transcript levels between 

GFP:aTheoAz and GFP:iTheoAz lines is therefore the background activity of the 

aptazyme. This conclusion is supported by the detection of shorter GFP transcripts in 

the lines with the GFP:aTheoAz construct, which were not observed in lines with the 

GFP:iTheoAz construct. Despite the reduced basal GFP expression level, application of 

theophylline allowed downregulating GFP mRNA and protein levels by up to 95% in 

plants carrying the GFP:aTheoAz construct.  

There were no differences between expression levels of active and inactive guanine 

aptazymes. 

 

6.5 Aptazyme-mediated downregulation of the endogenous gene expression. 

 

Currently, targeted genome editing in higher plants is limited to gene disruption whereas 

efficient and reliable methods for precise insertion of DNA constructs into the nuclear 

genome are still missing (Collonnier et al., 2017). Therefore, there is no straightforward 

possibility to regulate endogenous plant genes by introduction of artificial riboswitches. 

As a workaround for this challenge, we chose complementation of an insertion mutant to 

demonstrate the usefulness of riboswitches in the analysis or modulation of endogenous 

genes. Switchable copies of OHP1, either with the 35S promoter (Beck et al., 2017) or 

with the native OHP1 promoter complemented the seedling-lethal, photosynthesis-
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deficient phenotype of homozygous ohp1-1 mutants. Despite the much lower expression 

compared to the GFP:aTheoAz construct, theophylline treatment of plants with the 

PrOHP1:OHP1:aTheoAz construct caused >90% reduction of transcript levels. When 

ohp1-1 mutants complemented with the OHP1:aTheoAz construct under control of the 

native OHP1 promoter were grown on plates with 1.5 mM theophylline, they stayed 

smaller than WT plants, had lower OHP1 protein levels, were slightly chlorotic, and 

showed a strong defect in photosynthetic capacity (Fv/Fm), which was not observed in 

complementation lines with the corresponding OHP1:iTheoAz construct. Fv/Fm values 

of OHP1:aTheoAz seedlings cultivated on 1.5 mM theophylline were 23% lower than in 

WT and OHP1:iTheoAz seedlings but still higher than in homozygous ohp1-1 mutants 

(Beck et al., 2017), indicating that the residual translation of the OHP1 mRNA before 

cleavage-induced degradation produced enough OHP1 protein to be partially functional. 

In another recent publication, no phenotypic alterations were observed after virus-

induced gene silencing of OHP1, although OHP1 mRNA levels were also reduced to 

approximately 10% of the level in control plants and OHP1 protein levels were strongly 

reduced (Hey and Grimm, 2018). Either the function of OHP1 was more important under 

our cultivation conditions or, more likely, riboswitch-mediated downregulation was more 

efficient during early developmental stages than virus-induced silencing. Additionally, the 

use of riboswitches allows the analysis of recovery after ligand withdrawal, whereas 

virus-induced silencing cannot readily be reversed. 

 

6.6 Comparison of the theophylline aptazyme efficiency to the other ligand-inducible 

systems for downregulation of gene expression. 

 

Theophylline-inducible hammerhead aptazymes have previously been applied in E. coli, 

yeast and human cell lines. The observed changes of reporter gene expression were 10-

fold upregulation in E. coli and downregulation by 75% to 83% in yeast and human cells 

in response to millimolar concentrations of theophylline (Wieland and Hartig, 2008; 

Ausländer et al., 2010; Klauser et al., 2015). The downregulation of GFP or OHP1 

expression by 84% to 95% in our aTheoAz-carrying plants indicates that the effect of 
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aptazyme-induced transcript destabilization caused a stronger downregulation of the 

protein level than in other model systems. Hence, we conclude that ligand-inducible 

aptazymes can be used effectively as artificial genetic switches in plants. Alternative 

systems based on the inducible expression of RNAi constructs or artificial microRNAs 

achieved reductions of transcript levels by 60% to 85% (O'Maoileidigh et al., 2015; Liu 

and Yoder, 2016; Thomson et al., 2017). However, in some cases, no efficient silencing 

was observed and the targeted genes tended to remain silenced after inducer 

withdrawal (O'Maoileidigh et al., 2015; Liu and Yoder, 2016). Because RNAi-based 

systems for gene silencing involve the generation and amplification of siRNAs by the 

targeted cells, they are difficult to tune. In contrast, the cleavage speed of artificial 

aptazymes and thereby the lifetime of the mRNA in which they reside is directly 

controlled by the ligand concentration. Therefore, artificial riboswitches constitute a 

promising addition to the molecular toolbox for basic research and biotechnology in 

plants. They may even be more robust than transcription factor-based systems because 

they act primarily in cis and do not rely on functional interactions between multiple 

transgenic elements. 
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7. Conclusions and perspectives 

 

The theophylline and guanine aptazymes described in this study can be used as a 

tunable genetic off-switches in the analysis of transgenes in Arabidopsis and other 

plants. By the use of the inactive variant of the aptazyme as control, the specific effect of 

mRNA and protein depletion can be reliably separated from potential side effects of 

ligand application. Alternative ligands for the synthetic riboswitches are available and 

several further aptamers are currently under development (Wieland et al., 2009; 

Wittmann and Suess, 2011; Nomura et al., 2012; Beilstein et al., 2015; Lotz and Suess, 

2018). With the recent development of ribozyme-based ON-switches for eukaryotic gene 

expression, the range of possible applications will be significantly increased (Beilstein et 

al., 2015; Wurmthaler et al., 2019). Especially for endogenous pest control in crop 

plants, temporally or spatially limited expression of effector molecules is very important 

to impede the formation of resistances in the pathogens or herbivores (Bates et al., 

2005). Additionally, the insertion of synthetic riboswitches into more than one transgene 

would allow differential regulation of two or more genes by a single treatment. The use 

of synthetic riboswitches in crop biotechnology or for the controlled production of 

pharmaceuticals in engineered plants or cell cultures will require the development of 

novel aptamers that bind ligands that do not affect plant metabolism and that are non-

hazardous for humans and for the environment.  
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8. Materials and Methods 

 

8.1 Plant material and growth conditions.  

 

Arabidopsis thaliana (L) Heynh. ecotype Columbia-0 was obtained from the NASC 

(Stock-Nr. N60000) and ohp1-1 T-DNA insertion mutants (GABI_362D02) were obtained 

from the GABI-KAT project (Beck et al. 2017; Kleinboelting et al. 2012). Plants were 

grown on soil in greenhouse chambers with either short-day (9 h/21 °C light, 15 h/17 °C 

darkness) or long-day (16 h/21 °C light, 8 h/17 °C darkness) conditions at 120±30 µmol 

photons m-2 s-1 at 60% relative humidity unless otherwise stated. For segregation 

analysis, protein extraction and for chlorophyll fluorescence measurement, surface-

sterilized seeds were plated on Petri dishes with ½x Murashige and Skoog (MS) medium 

supplemented with 2% (w/v) sucrose and solidified with 0.8% (w/v) agar. The plates 

were kept under short-day or long-day conditions at 21 °C and 100±15 µmol photons m-

2 s-1. For hydroponic culture, 3-week-old seedlings grown on soil were transferred to a 

hydroponic cultivation system in a climate chamber with short-day conditions. Eight 

plants each shared a pot with 2 l nutrient solution (1 mM Ca(NO3)2, 500 µM MgSO4, 

500 µM K2HPO4, 100 µM KCl, 20 µM Fe-EDDHA, 10 µM H3BO3, 0.5 µM NiSO4, 0.2 

µM Na2MoO4, 0.1 µM MnSO4, 0.1 µM CuSO4, 0.1 µM ZnSO4, 1 mM MES pH 6.0; 

adapted from (Küpper et al. 2007). The nutrient solution was aerated with an aquarium 

pump and renewed at a rate of 1 l/day. 

 

8.2 Luciferase expression detection under the CCD camera. 
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Seedlings or leaves of the mature transgenic plants were sprayed with 2mM D-Luciferin 

solution. Plants were kept in a dark for 20 min after spraying. Luciferase expression 

signal was detected under the CCD camera at 2min exposure for all plants.  

 

8.3 Theophylline and guanine application.  

 

Theophylline was dissolved in water at a concentration of 20 mM and sterilized by 

filtration. This stock was used to supplement the cultivation medium or to generate 

working solutions for leaf infiltration. Disposable 1 ml syringes gently pressed to the 

lower epidermis were used to infiltrate individual leaves of greenhouse-grown plants. For 

plates, theophylline stock solution was added to the pre-heated germination medium. 

For application of guanine, guanosine was used as it soluble in water up to 2.5 mM. 

Guanosine was added directly to pre-heated germination medium for making plates. 

 

8.4 Plasmid constructs and plant transformation.  

 

Ribozymes or aptazymes were amplified by PCR and inserted into the 3'-UTR of eGFP 

or FLuc derived from the binary vector pEZT-NL using EcoRI and KpnI sites (Erhardt). 

The promoterless expression cassettes including the OCS terminator were subcloned in 

pENTR-D-Topo and transferred into pEG100 (Earley et al. 2006) by LR recombination 

(ThermoFisher). The CDS of OHP1 and the native OHP1 promoter (593 bp upstream of 

the start codon) were inserted by Gibson assembly (TaKaRa, NEB) into the above-

mentioned constructs by replacing GFP and the CaMV 35S promoter consecutively. 

Agrobacterium tumefaciens strain GV3101 was used to introduce the constructs into 

wild type plants or heterozygous ohp1-1 mutants by floral dip (Clough and Bent 1998). 

Transgenic plants were selected by spraying with 50 µg ml-1 BASTA and the presence 

of the T-DNA was verified by PCR. Segregation analysis in the T2 and T3 generations 

was used to identify homozygous plants of single-insertion lines.  
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8.5 RNA isolation and Northern Blot.  

 

Total RNA was isolated from deep-frozen plant tissue using commercial guanidine 

thiocyanate/phenol reagent (Chomczynski 1993). Northern blots were carried out using 

the DIG labeling and detection system (Roche). Per lane, 10 µg (for GFP) or 15 µg (for 

OHP1) of total RNA were loaded. RNA separation, transfer to a nylon membrane, 

hybridization and detection were performed as described by (Woitsch and Romer 2003). 

DIG-labeled probes comprising the entire CDS of OHP1, GFP, or FLuc were generated 

by PCR, column-purified and diluted in high-SDS hybridization buffer. Signal intensities 

on scanned X-ray films or digital images were determined with Image J. Relative 

numbers for gene expression were obtained by normalizing the specific signal intensity 

with the intensity of the EtBR stained 25S rRNA. 

 

8.6 Protein extraction and analysis.  

 

For GFP extraction, fresh leaf tissue or entire seedlings were mixed with 10 µl mg-1 

protein extraction buffer (50 mM Tris-HCl pH 8, 50 mM KCl, 50 mM MgCl2) in 2 ml 

safelock tubes and homogenized with a single steel bead for 3 min at 20 Hz in a 

TissueLyser (Qiagen). After centrifugation for 3 min at 26000 g at 4 °C, 200 μl of 

supernatant was transferred into a 96-well plate with black walls and thin, transparent, 

flat bottoms in a 5-step series of 1:2 dilutions. GFP fluorescence was measured from the 

top in a plate reader (Tecan) with excitation at 485 nm and emission detection at 535 

nm. OD280 was recorded as a measure of total protein concentration. The region of 

linear correlation between dilution and fluorescence or extinction was determined 

visually and the slope of a linear regression was used as measure for fluorescence 

intensity or protein concentration. Green fluorescence was normalized to total protein 

content and the autofluorescence of wild type protein extract was subtracted to obtain 

normalized GFP expression levels. For luciferase protein extraction, 100 mg of fresh leaf 
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tissue was mixed with 300 µl of CCLR extraction buffer (Promega) in 2 ml safelock tubes 

and homogenized with a single steel bead for 3 min at 20 Hz in a TissueLyser (Qiagen). 

After centrifugation for 5 min at 26000 g at 4 °C, 20 μl of supernatant was transferred 

into a 96-well white plate. Luminescence was detected in a plate reader (Tecan) with the 

luciferase detection solution LAR (Promega). LAR was injected 100 μl/well and 

luminescence was detected immediately. For Western blotting, the soluble protein 

extract was mixed with lithium dodecyl sulphate loading buffer and 20 µg of protein per 

lane were separated on discontinuous 12.5% polyacrylamide gels. For OHP1 detection, 

insoluble proteins were separated on 15% Tris-tricine gels. Transfer to PVDF membrane 

and detection with polyclonal rabbit anti-GFP (Chromotek PABG1), anti-UDP-glucose 

pyrophosphorylase (Agrisera AS05 086), anti-OHP1 (Hey and Grimm 2018) antibodies, 

or anti-Luc (Agrisera AS16 3691) and HRP-coupled goat anti-rabbit secondary antibody 

followed standard procedures.  

 

8.7 Pulse amplitude modulated (PAM) fluorimetry and chlorophyll quantification.  

 

Chlorophyll fluorescence was monitored using an Imaging PAM Fluorimeter (Walz) 

equipped with a standard measuring head using the Imaging Win software provided by 

the supplier. Program settings were: measuring light intensity 1, measuring light 

frequency 1, damping 2, gain 9, saturating pulse intensity 10, actininc light intensity 5, 

yield filter 3 and Fm-factor 1.024. Before the measurements, whole plants were dark-

adapted for 5 min. Photosynthetic capacity (Fv/Fm) of homogenously illuminated areas 

of selected leaves was calculated from images recorded before and after the first 

saturating flash. Then the plants were illuminated with 80 µmol sec-1 m-2 blue light and 

further saturating flashes were used to monitor the induction of energy dissipation in the 

reached a steady-state level after 5 min. Chlorophyll was extracted by homogenizing  

fresh seedlings in 9 µl*mg-1 of 88% acetone. Absorption was determined in appropriate 

dilutions with 80% acetone at 470 nm, 646.8 nm, and 663.2 nm and chlorophyll content 

was calculated according to (Lichtenthaler 1987). 
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8.8 The sequences of the plasmids containing synthetic riboswitches. 

 

The sequence of the plasmid containing inactive theophylline aptazyme inserted 

in the 3’UTR of the GFP reporter gene (GFP:iTheoAz).  

 

Marine blue – bar gene 

Light grey – CAMV 35S promotor  

Green – green fluorescent protein (GFP) reporter gene 

Yellow – inactive theophylline aptazyme 

Dark grey – OCS 3 terminator 

Red – kanamycin resistance gene 

 

TGGCAGGATATATTGTGGTGTAAACAAattgacgcttagacaacttaataacacattgcggacgtttttaat

gtactgaattaacgccgaattaattcgagctcggatctgataatttatttgaaaattcataagaaaagcaaacgttacatgaat

tgatgaaacaatacaaagacagataaagccacgcacatttaggatattggccgagattactgaatattgagtaagatcac

ggaatttctgacaggagcatgtcttcaattcagcccaaatggcagttgaaatactcaaaccgccccatatgcaggagcgg

atcattcattgtttgtttggttgcctttgccaacatgggagtccaagattctgcagtcaaATCTCGGTGACGGGCAG

GACCGGACGGGGCGGTACCGGCAGGCTGAAGTCCAGCTGCCAGAAACCCACGTC

ATGCCAGTTCCCGTGCTTGAAGCCGGCCGCCCGCAGCATGCCGCGGGGGGCATA

TCCGAGCGCCTCGTGCATGCGCACGCTCGGGTCGTTGGGCAGCCCGATGACAGC

GACCACGCTCTTGAAGCCCTGTGCCTCCAGGGACTTCAGCAGGTGGGTGTAGAGC

GTGGAGCCCAGTCCCGTCCGCTGGTGGCGGGGGGAGACGTACACGGTCGACTCG

GCCGTCCAGTCGTAGGCGTTGCGTGCCTTCCAGGGGCCCGCGTAGGCGATGCCG

GCGACCTCGCCGTCCACCTCGGCGACGAGCCAGGGATAGCGCTCCCGCAGACGG

ACGAGGTCGTCCGTCCACTCCTGCGGTTCCTGCGGCTCGGTACGGAAGTTGACCG

TGCTTGTCTCGATGTAGTGGTTGACGATGGTGCAGACCGCCGGCATGTCCGCCTC
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GGTGGCACGGCGGATGTCGGCCGGGCGTCGTTCTGGGCTCATcgattcgatttggtgtatcg

agattggttatgaaattcagatgctagtgtaatgtattggtaatttgggaagatataataggaagcaaggctatttatccatttct

gaaaaggcgaaatggcgtcaccgcgagcgtcacgcgcattccgttcttgctgtaaagcgttgtttggtacacttttgactagc

gaggcttggcgtgtcagcgtatctattcaaaagtcgttaatggctgcggatcaagaaaaagttggaatagaaacagaatac

ccgcgaaattcaggcccggttgccatgtcctacacgccgaaataaacgaccaaattagtagaaaaataaaaactgactc

ggatacttacgtcacgtcttgcgcactgatttgaaaaatctcagaatTCCAATCCCACAAAAATCTGAGCTT

AACAGCACAGTTGCTCCTCTCAGAGCAGAATCGGGTATTCAACACCCTCATATCAA

CTACTACGTTGTGTATAACGGTCCACATGCCGGTATATACGATGACTGGGGTTGTA

CAAAGGCGGCAACAAACGGCGTTCCCGGAGTTGCACACAAGAAATTTGCCACTATT

ACAGAGGCAAGAGCAGCAGCTGACGCGTACACAACAAGTCAGCAAACAGACAGGT

TGAACTTCATCCCCAAAGGAGAAGCTCAACTCAAGCCCAAGAGCTTTGCTAAGGCC

CTAACAAGCCCACCAAAGCAAAAAGCCCACTGGCTCACGCTAGGAACCAAAAGGC

CCAGCAGTGATCCAGCCCCAAAAGAGATCTCCTTTGCCCCGGAGATTACAATGGAC

GATTTCCTCTATCTTTACGATCTAGGAAGGAAGTTCGAAGGTGAAGGTGACGACAC

TATGTTCACCACTGATAATGAGAAGGTTAGCCTCTTCAATTTCAGAAAGAATGCTGA

CCCACAGATGGTTAGAGAGGCCTACGCAGCAGGTCTCATCAAGACGATCTACCCG

AGTAACAATCTCCAGGAGATCAAATACCTTCCCAAGAAGGTTAAAGATGCAGTCAAA

AGATTCAGGACTAATTGCATCAAGAACACAGAGAAAGACATATTTCTCAAGATCAGA

AGTACTATTCCAGTATGGACGATTCAAGGCTTGCTTCATAAACCAAGGCAAGTAATA

GAGATTGGAGTCTCTAAAAAGGTAGTTCCTACTGAATCTAAGGCCATGCATGGAGT

CTAAGATTCAAATCGAGGATCTAACAGAACTCGCCGTGAAGACTGGCGAACAGTTC

ATACAGAGTCTTTTACGACTCAATGACAAGAAGAAAATCTTCGTCAACATGGTGGAG

CACGACACTCTGGTCTACTCCAAAAATGTCAAAGATACAGTCTCAGAAGACCAAAG

GGCTATTGAGACTTTTCAACAAAGGATAATTTCGGGAAACCTCCTCGGATTCCATTG

CCCAGCTATCTGTCACTTCATCGAAAGGACAGTAGAAAAGGAAGGTGGCTCCTACA

AATGCCATCATTGCGATAAAGGAAAGGCTATCATTCAAGATCTCTCTGCCGACAGT

GGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTC

CAACCACGTCTTCAAAGCAAGTGGATTGATGTGACATCTCCACTGACGTAAGGGAT

GACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTT

CATTTGGAGAGGACACGctcgagatcACAAGTTTGTACAAAAAAGCAGGCTccgcggccgcc

cccttCACCgctaCgaccaGgattacgccaagcttggcggcgctagcgctaccggtcgccaccATGGTGAGCA

AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCG
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ACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT

ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTG

GCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC

GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC

AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGT

GAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC

AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACA

ACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATC

CGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACA

CCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCA

GTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG

TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGAg

ctgctgccgctgccgctgcggcagcggccgaattctaataaacaaacaaaccTGAGGTGCAGGTACATCCA

GCTGACGAGTCCCAAATAGGACGAGAGCCATACCAGCCGAAAGGCCCTTGGCAGG

GTTCCTGGATTCCACTGCTATCCAcaaaaagaaaaataaaaaggtaccgcgggcccgggatccaccg

gggccgcgactctagaGTCCTGCTTTAATGAGATATGCGAGACGCCTATGATCGCATGATA

TTTGCTTTCAATTCTGTTGTGCACGTTGTAAAAAACCTGAGCATGTGTAGCTCAGAT

CCTTACCGCCGGTTTCGGTTCATTCTAATGAATATATCACCCGTTACTATCGTATTTT

TATGAATAATATTCTCCGTTCAATTTACTGATTGTACCCTACTACTTATATGTACAATA

TTAAAATGAAAACAATATATTGTGCTGAATAGGTTTATAGCGACATCTATGATAGAG

CGCCACAATAACAAACAATTGCGTTTTATTATTACAAATCCAATTTTAAAAAAAGCGG

CAGAACCGGTCAAACCTAAAAGACTGATTACATAAATCTTATTCAAATTTCAAAAGT

GCCCCAGGGGCTAGTATCTACGACACACCGAGCGGCGAACTAATAACGCTCACTG

AAGGGAACTCCGGTTCCCCGCCGGCGCGCATGGGTGAGATTCCTTGAAGTTGAGT

ATTGGCCGTCCGCTCTACCGAAAGTTACGGGCACCATTCAacccggtccagcacggcggcc

gggtaaccgacttgctgccccgagaattatgcagcatttttttggtgtatgtgggccccaaatgaagtgcaggtcaaaccttg

acagtgacgacaaatcgttgggcgggtccagggcgaattttgcgacaacatgtcgaggctcagcaggacctgcaggcat

gcaagctagcttactagtcggccgtacgggccctttcgtctcgcgcgtttcggtgatgacggtgaaaagggtgggcgcgcc

gACCCAGCTTTCTTGTACAAAGTGGTgcctaggtgagtctagagagttaattaagacccgggactagtcc

ctagagtcctgctttaatgagatatgcgagacgcctatgatcgcatgatatttgctttcaattctgttgtgcacgttgtaaaaaac

ctgagcatgtgtagctcagatccttaccgccggtttcggttcattctaatgaatatatcacccgttactatcgtatttttatgaataa

tattctccgttcaatttactgattgtaccctactacttatatgtacaatattaaaatgaaaacaatatattgtgctgaataggtttata
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gcgacatctatgatagagcgccacaataacaaacaattgcgttttattattacaaatccaattttaaaaaaagcggcagaac

cggtcaaacctaaaagactgattacataaatcttattcaaatttcaaaagtgccccaggggctagtatctacgacacaccg

agcggcgaactaataacgctcactgaagggaactccggttccccgccggcgcgcatgggtgagattccttgaagttgagt

attggccgtccgctctaccgaaagttacgggcaccattcaacccggtccagcacggcggccgggtaaccgacttgctgcc

ccgagaattatgcagcatttttttggtgtatgtgggccccaaatgaagtgcaggtcaaaccttgacagtgacgacaaatcgtt

gggcgggtccagggcgaattttgcgacaacatgtcgaggctcagcaggacctgcaggcatgcaagcttggcactggccg

tcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatccccctttcgccagctgg

cgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatgctagagcagcttga

gcttggatcagattgtcgtttcccgccttcagtttaaactatcagtgttTGACAGGATATATTGGCGGGTAAAcc

taagagaaaagagcgtttattagaataacggatatttaaaagggcgtgaaaaggtttatccgttcgtccatttgtatgtgcatg

ccaaccacagggttcccctcgggatcaaagtactttgatccaacccctccgctgctatagtgcagtcggcttctgacgttcag

tgcagccgtcttctgaaaacgacatgtcgcacaagtcctaagttacgcgacaggctgccgccctgcccttttcctggcgttttc

ttgtcgcgtgttttagtcgcataaagtagaatacttgcgactagaaccggagacattacgccatgaacaagagcgccgccg

ctggcctgctgggctatgcccgcgtcagcaccgacgaccaggacttgaccaaccaacgggccgaactgcacgcggccg

gctgcaccaagctgttttccgagaagatcaccggcaccaggcgcgaccgcccggagctggccaggatgcttgaccacct

acgccctggcgacgttgtgacagtgaccaggctagaccgcctggcccgcagcacccgcgacctactggacattgccga

gcgcatccaggaggccggcgcgggcctgcgtagcctggcagagccgtgggccgacaccaccacgccggccggccgc

atggtgttgaccgtgttcgccggcattgccgagttcgagcgttccctaatcatcgaccgcacccggagcgggcgcgaggcc

gccaaggcccgaggcgtgaagtttggcccccgccctaccctcaccccggcacagatcgcgcacgcccgcgagctgatc

gaccaggaaggccgcaccgtgaaagaggcggctgcactgcttggcgtgcatcgctcgaccctgtaccgcgcacttgagc

gcagcgaggaagtgacgcccaccgaggccaggcggcgcggtgccttccgtgaggacgcattgaccgaggccgacgc

cctggcggccgccgagaatgaacgccaagaggaacaagcatgaaaccgcaccaggacggccaggacgaaccgtttt

tcattaccgaagagatcgaggcggagatgatcgcggccgggtacgtgttcgagccgcccgcgcacgtctcaaccgtgcg

gctgcatgaaatcctggccggtttgtctgatgccaagctggcggcctggccggccagcttggccgctgaagaaaccgagc

gccgccgtctaaaaaggtgatgtgtatttgagtaaaacagcttgcgtcatgcggtcgctgcgtatatgatgcgatgagtaaat

aaacaaatacgcaaggggaacgcatgaaggttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatc

gcaacccatctagcccgcgccctgcaactcgccggggccgatgttctgttagtcgattccgatccccagggcagtgcccgc

gattgggcggccgtgcgggaagatcaaccgctaaccgttgtcggcatcgaccgcccgacgattgaccgcgacgtgaag

gccatcggccggcgcgacttcgtagtgatcgacggagcgccccaggcggcggacttggctgtgtccgcgatcaaggca

gccgacttcgtgctgattccggtgcagccaagcccttacgacatatgggccaccgccgacctggtggagctggttaagcag

cgcattgaggtcacggatggaaggctacaagcggcctttgtcgtgtcgcgggcgatcaaaggcacgcgcatcggcggtg

aggttgccgaggcgctggccgggtacgagctgcccattcttgagtcccgtatcacgcagcgcgtgagctacccaggcact
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gccgccgccggcacaaccgttcttgaatcagaacccgagggcgacgctgcccgcgaggtccaggcgctggccgctga

aattaaatcaaaactcatttgagttaatgaggtaaagagaaaatgagcaaaagcacaaacacgctaagtgccggccgtc

cgagcgcacgcagcagcaaggctgcaacgttggccagcctggcagacacgccagccatgaagcgggtcaactttcag

ttgccggcggaggatcacaccaagctgaagatgtacgcggtacgccaaggcaagaccattaccgagctgctatctgaat

acatcgcgcagctaccagagtaaatgagcaaatgaataaatgagtagatgaattttagcggctaaaggaggcggcatgg

aaaatcaagaacaaccaggcaccgacgccgtggaatgccccatgtgtggaggaacgggcggttggccaggcgtaag

cggctgggttgtctgccggccctgcaatggcactggaacccccaagcccgaggaatcggcgtgacggtcgcaaaccatc

cggcccggtacaaatcggcgcggcgctgggtgatgacctggtggagaagttgaaggccgcgcaggccgcccagcggc

aacgcatcgaggcagaagcacgccccggtgaatcgtggcaagcggccgctgatcgaatccgcaaagaatcccggca

accgccggcagccggtgcgccgtcgattaggaagccgcccaagggcgacgagcaaccagattttttcgttccgatgctct

atgacgtgggcacccgcgatagtcgcagcatcatggacgtggccgttttccgtctgtcgaagcgtgaccgacgagctggc

gaggtgatccgctacgagcttccagacgggcacgtagaggtttccgcagggccggccggcatggccagtgtgtgggatt

acgacctggtactgatggcggtttcccatctaaccgaatccatgaaccgataccgggaagggaagggagacaagcccg

gccgcgtgttccgtccacacgttgcggacgtactcaagttctgccggcgagccgatggcggaaagcagaaagacgacct

ggtagaaacctgcattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgcctggt

gacggtatccgagggtgaagccttgattagccgctacaagatcgtaaagagcgaaaccgggcggccggagtacatcga

gatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaacccggacgtgctgacggttcaccccgattact

ttttgatcgatcccggcatcggccgttttctctaccgcctggcacgccgcgccgcaggcaaggcagaagccagatggttgtt

caagacgatctacgaacgcagtggcagcgccggagagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtca

aatgacctgccggagtacgatttgaaggaggaggcggggcaggctggcccgatcctagtcatgcgctaccgcaacctga

tcgagggcgaagcatccgccggttcctaatgtacggagcagatgctagggcaaattgccctagcaggggaaaaaggtc

gaaaaggtctctttcctgtggatagcacgtacattgggaacccaaagccgtacattgggaaccggaacccgtacattggg

aacccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagagaaaaaaggcgatttttccgccta

aaactctttaaaacttattaaaactcttaaaacccgcctggcctgtgcataactgtctggccagcgcacagccgaagagctg

caaaaagcgcctacccttcggtcgctgcgctccctacgccccgccgcttcgcgtcggcctatcgcggccgctggccgctca

aaaatggctggcctacggccaggcaatctaccagggcgcggacaagccgcgccgtcgccactcgaccgccggcgccc

acatcaaggcaccctgcctcgcgcgtttcggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcaca

gcttgtctgtaagcggatgccgggagcagacaagcccgtcagggcgcgtcagcgggtgttggcgggtgtcggggcgca

gccatgacccagtcacgtagcgatagcggagtgtatactggcttaactatgcggcatcagagcagattgtactgagagtgc

accatatgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcaggcgctcttccgcttcctcgctcactg

actcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcag

gggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctgg
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cgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacagg

actataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtc

cgcctttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagc

tgggctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaag

acacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttct

tgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagccagttaccttcggaaa

aagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgca

gaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaaggga

ttttggtcatgcattctaggtaCTAAAACAATTCATCCAGTAAAATATAATATTTTATTTTCTCCCA

ATCAGGCTTGATCCCCAGTAAGTCAAAAAATAGCTCGACATACTGTTCTTCCCCGAT

ATCCTCCCTGATCGACCGGACGCAGAAGGCAATGTCATACCACTTGTCCGCCCTG

CCGCTTCTCCCAAGATCAATAAAGCCACTTACTTTGCCATCTTTCACAAAGATGTTG

CTGTCTCCCAGGTCGCCGTGGGAAAAGACAAGTTCCTCTTCGGGCTTTTCCGTCTT

TAAAAAATCATACAGCTCGCGCGGATCTTTAAATGGAGTGTCTTCTTCCCAGTTTTC

GCAATCCACATCGGCCAGATCGTTATTCAGTAAGTAATCCAATTCGGCTAAGCGGC

TGTCTAAGCTATTCGTATAGGGACAATCCGATATGTCGATGGAGTGAAAGAGCCTG

ATGCACTCCGCATACAGCTCGATAATCTTTTCAGGGCTTTGTTCATCTTCATACTCT

TCCGAGCAAAGGACGCCATCGGCCTCACTCATGAGCAGATTGCTCCAGCCATCAT

GCCGTTCAAAGTGCAGGACCTTTGGAACAGGCAGCTTTCCTTCCAGCCATAGCATC

ATGTCCTTTTCCCGTTCCACATCATAGGTGGTCCCTTTATACCGGCTGTCCGTCATT

TTTAAATATAGGTTTTCATTTTCTCCCACCAGCTTATATACCTTAGCAGGAGACATTC

CTTCCGTATCTTTTACGCAGCGGTATTTTTCGATCAGTTTTTTCAATTCCGGTGATAT

TCTCATTTTAGCCATttattatttccttcctcttttctacagtatttaaagataccccaagaagctaattataacaagacg

aactccaattcactgttccttgcattctaaaaccttaaataccagaaaacagctttttcaaagttgttttcaaagttggcgtataa

catagtatcgacggagccgattttgaaaccgcggtgatcacaggcagcaacgctctgtcatcgttacaatcaacatgctac

cctccgcgagatcatccgtgtttcaaacccggcagcttagttgccgttcttccgaatagcatcggtaacatgagcaaagtctg

ccgccttacaacggctctcccgctgacgccgtcccggactgatgggctgcctgtatcgagtggtgattttgtgccgagctgcc

ggtcggggagctgttggctggctgg 

 

The sequence of the plasmid containing active theophylline aptazyme inserted in 

the 3’UTR of the GFP reporter gene (GFP:aTheoAz).  
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The sequence is the same as for GFP:iTheoAz except of change in the aptazyme 

sequence. 

Yellow – active theophylline aptazyme 

 

TGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAAAGCCATACCAG

CCGAAAGGCCCTTGGCAGGGTTCCTGGATTCCACTGCTATCCA 

 

The sequence of the plasmid containing active hammerhead ribozyme inserted in 

the 3’UTR of the GFP reporter gene (GFP:aHHR).  

 

The sequence is the same as for GFP:iTheoAz except of change in the ribozyme 

sequence. 

Yellow – active hammerhead ribozyme  

 

TGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAaACGCGCTTCGG

TGCGTCCTGGATTCCACTGCTATCCA 

 

The sequence of the plasmid containing inactive hammerhead ribozyme inserted 

in the 3’UTR of the GFP reporter gene (GFP:iHHR).  

 

The sequence is the same as for GFP:iTheoAz except of change in the ribozyme 

sequence. 

Yellow – inactive hammerhead ribozyme (HHR) 
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TGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAgACGCGCTTCGG

TGCGTCCTGGATTCCACTGCTATCCA 

 

The sequence of the plasmid containing active guanine aptazyme inserted in the 

3’UTR of the FLUC reporter gene (Luc:HDVaGua).  

 

The sequence is the same as for GFP:iTheoAz except of change in the aptazyme 

sequence. 

Green – firefly luciferase (FLUC) reporter gene 

Yellow – active guanine aptazyme 

 

Atggaagacgccaaaaacataaagaaaggcccggcgccattctatccgctggaagatggaaccgctggagagcaact

gcataaggctatgaagagatacgccctggttcctggaacaattgcttttacagatgcacatatcgaggtggacatcacttac

gctgagtacttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaatacaaatcacagaatcgtcgtat

gcagtgaaaactctcttcaattctttatgccggtgttgggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttat

aatgaacgtgaattgctcaacagtatgggcatttcgcagcctaccgtggtgttcgtttccaaaaaggggttgcaaaaaatttt

gaacgtgcaaaaaaagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccagggatttcagtcgatg

tacacgttcgtcacatctcatctacctcccggttttaatgaatacgattttgtgccagagtccttcgatagggacaagacaattg

cactgatcatgaactcctctggatctactggtctgcctaaaggtgtcgctctgcctcatagaactgcctgcgtgagattctcgca

tgccagagatcctatttttggcaatcaaatcattccggatactgcgattttaagtgttgttccattccatcacggttttggaatgttta

ctacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagctgtttctgaggagccttcaggatt

acaagattcaaagtgcgctgctggtgccaaccctattctccttcttcgccaaaagcactctgattgacaaatacgatttatcta

atttacacgaaattgcttctggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatctgccaggt

atcaggcaaggatatgggctcactgagactacatcagctattctgattacacccgagggggatgataaaccgggcgcggt

cggtaaagttgttccattttttgaagcgaaggttgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaa

ctgtgtgtgagaggtcctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattgacaaggatggat

ggctacattctggagacatagcttactgggacgaagacgaacacttcttcatcgttgaccgcctgaagtctctgattaagtac

aaaggctatcaggtggctcccgctgaattggaatccatcttgctccaacaccccaacatcttcgacgcaggtgtcgcaggtc

ttcccgacgatgacgccggtgaacttcccgccgccgttgttgttttggagcacggaaagacgatgacggaaaaagagatc
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gtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgtttgtggacgaagtaccgaaag

gtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggcCAAGAAGGGCGGAAAGAT

CGCCGTGcaattctaataaacaaacaaaccTGAGGatggccggcatggtcccagcctcctcgctggcgccggct

gggcaatgctataatcgcgtggatatggcacgcaagtttctaccgggcaccgtaaatgtccgactagtagcgaatgggac

gcacaaatctctctagcttcccagagagaagcgagagaaaagtggctctcccttggccatccgagtgg 

 

The sequence of the plasmid containing inactive guanine aptazyme inserted in the 

3’UTR of the FLUC reporter gene (Luc:HDViGua).  

 

The sequence is the same as for Luc:HDVaGua except of change in the aptazyme 

sequence. 

Yellow – inactive guanine aptazyme 

 

Atggccggcatggtcccagcctcctcgctggcgccggctgggcaatgctataatcgcgtggatatggcacgcaagtttcta

ccgggcaccgtaaatgtccgactagtagtgaatgggacgcacaaatctctctagcttcccagagagaagcgagagaaa

agtggctctcccttggccatccgagtgg 

 

The sequence of the plasmid containing active HDV ribozyme inserted in the 

3’UTR of the FLUC reporter gene (Luc:HDVa).  

 

The sequence is the same as for Luc:HDVaGua except of change in the ribozyme 

sequence. 

Yellow – active hepatitis delta virus (HDV) ribozyme 

 

Atggccggcatggtcccagcctcctcgctggcgccggctgggcaacattccgaggggaccgtcccctcggtaatggcga

atgggacgcacaaatctctctagcttcccagagagaagcgagagaaaagtggctctcccttggccatccgagtgg 
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The sequence of the plasmid containing inactive HDV ribozyme inserted in the 

3’UTR of the FLUC reporter gene (Luc:HDVi).  

 

The sequence is the same as for Luc:HDVaGua except of change in the ribozyme 

sequence. 

Yellow – inactive hepatitis delta virus (HDV) ribozyme 

 

Atggccggcatggtcccagcctcctcgctggcgccggctgggcaacattccgaggggaccgtcccctcggtaatggtgaa

tgggacgcacaaatctctctagcttcccagagagaagcgagagaaaagtggctctcccttggccatccgagtgg 

 

The sequence of the plasmid containing active twister aptazyme inserted in the 3’UTR of 

the FLUC reporter gene (Luc:TwaTPP).  

 

The sequence is the same as for Luc:HDVaGua except of change in the aptazyme 

sequence. 

Yellow – active twister aptazyme 

 

TAAAGCGGTTACAAGCCCGCAAAAATAGCAGAGTAACCTCGGGGTGCCCTTCTGC

GTGAAGGCTGAGAAATACCCGTATCACCTGATCTGGATAATGCCAGCGTAGGGAA

GGTTAATGCAGCTTTA 

 

The sequence of the plasmid containing active twister aptazyme inserted in the 

3’UTR of the FLUC reporter gene (Luc:TwaTPP).  
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The sequence is the same as for Luc:HDVaGua except of change in the aptazyme 

sequence. 

Yellow – inactive twister aptazyme 

 

TAAAGCGTGTACAAGCCCGCAAAAATAGCAGAGTAACCTCGGGGTGCCCTTCTGC

GTGAAGGCTGAGAAATACCCGTATCACCTGATCTGGATAATGCCAGCGTAGGGAA

GGTTAATGCAGCTTTA 

 

The sequence of the plasmid containing active theophylline aptazyme inserted in 

the 3’UTR of the OHP1 gene expressed under the native OHP1 promotor 

(PrOHP1:OHP1:aTheoAz).  

 

 

Marine blue – bar gene 

Light grey – native OHP1 promotor 

Blue – OHP1 gene 

Yellow – active theophylline aptazyme 

Dark grey - terminator 

Red – kanamycin resistance gene 

 

 

TGGCAGGATATATTGTGGTGTAAACAAattgacgcttagacaacttaataacacattgcggacgtttttaat

gtactgaattaacgccgaattaattcgagctcggatctgataatttatttgaaaattcataagaaaagcaaacgttacatgaat

tgatgaaacaatacaaagacagataaagccacgcacatttaggatattggccgagattactgaatattgagtaagatcac

ggaatttctgacaggagcatgtcttcaattcagcccaaatggcagttgaaatactcaaaccgccccatatgcaggagcgg
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atcattcattgtttgtttggttgcctttgccaacatgggagtccaagattctgcagtcaaATCTCGGTGACGGGCAG

GACCGGACGGGGCGGTACCGGCAGGCTGAAGTCCAGCTGCCAGAAACCCACGTC

ATGCCAGTTCCCGTGCTTGAAGCCGGCCGCCCGCAGCATGCCGCGGGGGGCATA

TCCGAGCGCCTCGTGCATGCGCACGCTCGGGTCGTTGGGCAGCCCGATGACAGC

GACCACGCTCTTGAAGCCCTGTGCCTCCAGGGACTTCAGCAGGTGGGTGTAGAGC

GTGGAGCCCAGTCCCGTCCGCTGGTGGCGGGGGGAGACGTACACGGTCGACTCG

GCCGTCCAGTCGTAGGCGTTGCGTGCCTTCCAGGGGCCCGCGTAGGCGATGCCG

GCGACCTCGCCGTCCACCTCGGCGACGAGCCAGGGATAGCGCTCCCGCAGACGG

ACGAGGTCGTCCGTCCACTCCTGCGGTTCCTGCGGCTCGGTACGGAAGTTGACCG

TGCTTGTCTCGATGTAGTGGTTGACGATGGTGCAGACCGCCGGCATGTCCGCCTC

GGTGGCACGGCGGATGTCGGCCGGGCGTCGTTCTGGGCTCATcgattcgatttggtgtatcg

agattggttatgaaattcagatgctagtgtaatgtattggtaatttgggaagatataataggaagcaaggctatttatccatttct

gaaaaggcgaaatggcgtcaccgcgagcgtcacgcgcattccgttcttgctgtaaagcgttgtttggtacacttttgactagc

gaggcttggcgtgtcagcgtatctattcaaaagtcgttaatggctgcggatcaagaaaaagttggaatagaaacagaatac

ccgcgaaattcaggcccggttgccatgtcctacacgccgaaataaacgaccaaattagtagaaaaataaaaactgactc

ggatacttacgtcacgtcttgcgcactgatttgaaaaatctcagaatTcTAGCATTTTATGAAAGAAGCCTAC

Aaagagagaaatgtttgtttgttttttaattgtttttacacataccttgactcaattgtaatatatactacagaataatgtattgattaa

taaaagttaaaaaaaaactactcatattttattttacagataaaacaatcaaatctataacaacaaaaaaactctaattgtaat

ctgataaatatatacatatcattttataataattaaataaaatcatggaatattatttaatgtaatcatgaatacattcattatatata

catatatatatatatatatattttttaatttatttttgacgacaaaaaaatataaatgagtttataattacattaaatattaccccataa

ttttttttttgttggtgaggccatgattttgttttactgtcagaaaattctagcaaaaaaaggaaaaatgtgttgcaggatataaca

cgtggcgaaatatgaatggatcggagaaagagagcagtgtagccacaagctaaatcctgaagtgatttctgaagataaa

gattgttcatatcaagtagttttcgttaattcactctacaaaggaaaatactcgagatcACAAGTTTGTACAAAAAA

GCAGGCTccgcggccgcccccttCACCgctaCgaccaGgattacgccaagcttggcggcgctagcgctaccggt

cgccaccATGAGCTCGTCGCCGTTATCTTCATCTCTCTTTCATCCTCTGTCGACCTTGT

CGACTCATTGCCATGGTCGGAGACAGAACCTCTGTTTCAATCGGAAGCAACAACCT

TTCGTTGTCAGAGCCGCAAAACTTCCTGAAGGGGTGATAGTGCCAAAAGCACAACC

CAAATCTCAACCTGCGTTTCTGGGATTCACACAAACAGCTGAGATATGGAACTCAC

GAGCTTGCATGATTGGTCTCATCGGTACTTTCATCGTCGAACTGATTCTGAACAAG

GGAATACTTGAACTGATCGGTGTAGAGATTGGGAAAGGACTCGATCTTCCTCTATA

AttctaataaacaaacaaaccTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGA

CGAAAGCCATACCAGCCGAAAGGCCCTTGGCAGGGTTCCTGGATTCCACTGCTAT
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CCAcaaaaagaaaaataaaaaggtaccgcgggcccgggatccaccggggccgcgactctagagtcctgctttaatga

gatatgcgagacgcctatgatcgcatgatatttgctttcaattctgttgtgcacgttgtaaaaaacctgagcatgtgtagctcag

atccttaccgccggtttcggttcattctaatgaatatatcacccgttactatcgtatttttatgaataatattctccgttcaatttactga

ttgtaccctactacttatatgtacaatattaaaatgaaaacaatatattgtgctgaataggtttatagcgacatctatgatagagc

gccacaataacaaacaattgcgttttattattacaaatccaattttaaaaaaagcggcagaaccggtcaaacctaaaagac

tgattacataaatcttattcaaatttcaaaagtgccccaggggctagtatctacgacacaccgagcggcgaactaataacg

ctcactgaagggaactccggttccccgccggcgcgcatgggtgagattccttgaagttgagtattggccgtccgctctaccg

aaagttacgggcaccattcaacccggtccagcacggcggccgggtaaccgacttgctgccccgagaattatgcagcatttt

tttggtgtatgtgggccccaaatgaagtgcaggtcaaaccttgacagtgacgacaaatcgttgggcgggtccagggcgaat

tttgcgacaacatgtcgaggctcagcaggacctgcaggcatgcaagctagcttactagtcggccgtacgggccctttcgtct

cgcgcgtttcggtgatgacggtgaaaagggtgggcgcgccgACCCAGCTTTCTTGTACAAAGTGGTgcc

taggtgagtctagagagttaattaagacccgggactagtccctagagtcctgctttaatgagatatgcgagacgcctatgatc

gcatgatatttgctttcaattctgttgtgcacgttgtaaaaaacctgagcatgtgtagctcagatccttaccgccggtttcggttca

ttctaatgaatatatcacccgttactatcgtatttttatgaataatattctccgttcaatttactgattgtaccctactacttatatgtac

aatattaaaatgaaaacaatatattgtgctgaataggtttatagcgacatctatgatagagcgccacaataacaaacaattg

cgttttattattacaaatccaattttaaaaaaagcggcagaaccggtcaaacctaaaagactgattacataaatcttattcaa

atttcaaaagtgccccaggggctagtatctacgacacaccgagcggcgaactaataacgctcactgaagggaactccgg

ttccccgccggcgcgcatgggtgagattccttgaagttgagtattggccgtccgctctaccgaaagttacgggcaccattca

acccggtccagcacggcggccgggtaaccgacttgctgccccgagaattatgcagcatttttttggtgtatgtgggccccaa

atgaagtgcaggtcaaaccttgacagtgacgacaaatcgttgggcgggtccagggcgaattttgcgacaacatgtcgagg

ctcagcaggacctgcaggcatgcaagcttggcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacc

caacttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaa

cagttgcgcagcctgaatggcgaatgctagagcagcttgagcttggatcagattgtcgtttcccgccttcagtttaaactatca

gtgttTGACAGGATATATTGGCGGGTAAAcctaagagaaaagagcgtttattagaataacggatatttaaa

agggcgtgaaaaggtttatccgttcgtccatttgtatgtgcatgccaaccacagggttcccctcgggatcaaagtactttgatc

caacccctccgctgctatagtgcagtcggcttctgacgttcagtgcagccgtcttctgaaaacgacatgtcgcacaagtccta

agttacgcgacaggctgccgccctgcccttttcctggcgttttcttgtcgcgtgttttagtcgcataaagtagaatacttgcgact

agaaccggagacattacgccatgaacaagagcgccgccgctggcctgctgggctatgcccgcgtcagcaccgacgac

caggacttgaccaaccaacgggccgaactgcacgcggccggctgcaccaagctgttttccgagaagatcaccggcacc

aggcgcgaccgcccggagctggccaggatgcttgaccacctacgccctggcgacgttgtgacagtgaccaggctagac

cgcctggcccgcagcacccgcgacctactggacattgccgagcgcatccaggaggccggcgcgggcctgcgtagcctg

gcagagccgtgggccgacaccaccacgccggccggccgcatggtgttgaccgtgttcgccggcattgccgagttcgagc
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gttccctaatcatcgaccgcacccggagcgggcgcgaggccgccaaggcccgaggcgtgaagtttggcccccgcccta

ccctcaccccggcacagatcgcgcacgcccgcgagctgatcgaccaggaaggccgcaccgtgaaagaggcggctgc

actgcttggcgtgcatcgctcgaccctgtaccgcgcacttgagcgcagcgaggaagtgacgcccaccgaggccaggcg

gcgcggtgccttccgtgaggacgcattgaccgaggccgacgccctggcggccgccgagaatgaacgccaagaggaa

caagcatgaaaccgcaccaggacggccaggacgaaccgtttttcattaccgaagagatcgaggcggagatgatcgcg

gccgggtacgtgttcgagccgcccgcgcacgtctcaaccgtgcggctgcatgaaatcctggccggtttgtctgatgccaag

ctggcggcctggccggccagcttggccgctgaagaaaccgagcgccgccgtctaaaaaggtgatgtgtatttgagtaaa

acagcttgcgtcatgcggtcgctgcgtatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaaggtta

tcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagcccgcgccctgcaactcgccg

gggccgatgttctgttagtcgattccgatccccagggcagtgcccgcgattgggcggccgtgcgggaagatcaaccgcta

accgttgtcggcatcgaccgcccgacgattgaccgcgacgtgaaggccatcggccggcgcgacttcgtagtgatcgacg

gagcgccccaggcggcggacttggctgtgtccgcgatcaaggcagccgacttcgtgctgattccggtgcagccaagccct

tacgacatatgggccaccgccgacctggtggagctggttaagcagcgcattgaggtcacggatggaaggctacaagcg

gcctttgtcgtgtcgcgggcgatcaaaggcacgcgcatcggcggtgaggttgccgaggcgctggccgggtacgagctgc

ccattcttgagtcccgtatcacgcagcgcgtgagctacccaggcactgccgccgccggcacaaccgttcttgaatcagaac

ccgagggcgacgctgcccgcgaggtccaggcgctggccgctgaaattaaatcaaaactcatttgagttaatgaggtaaa

gagaaaatgagcaaaagcacaaacacgctaagtgccggccgtccgagcgcacgcagcagcaaggctgcaacgttgg

ccagcctggcagacacgccagccatgaagcgggtcaactttcagttgccggcggaggatcacaccaagctgaagatgt

acgcggtacgccaaggcaagaccattaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagcaaatg

aataaatgagtagatgaattttagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgccgtg

gaatgccccatgtgtggaggaacgggcggttggccaggcgtaagcggctgggttgtctgccggccctgcaatggcactg

gaacccccaagcccgaggaatcggcgtgacggtcgcaaaccatccggcccggtacaaatcggcgcggcgctgggtga

tgacctggtggagaagttgaaggccgcgcaggccgcccagcggcaacgcatcgaggcagaagcacgccccggtgaa

tcgtggcaagcggccgctgatcgaatccgcaaagaatcccggcaaccgccggcagccggtgcgccgtcgattaggaa

gccgcccaagggcgacgagcaaccagattttttcgttccgatgctctatgacgtgggcacccgcgatagtcgcagcatcat

ggacgtggccgttttccgtctgtcgaagcgtgaccgacgagctggcgaggtgatccgctacgagcttccagacgggcacg

tagaggtttccgcagggccggccggcatggccagtgtgtgggattacgacctggtactgatggcggtttcccatctaaccga

atccatgaaccgataccgggaagggaagggagacaagcccggccgcgtgttccgtccacacgttgcggacgtactcaa

gttctgccggcgagccgatggcggaaagcagaaagacgacctggtagaaacctgcattcggttaaacaccacgcacgtt

gccatgcagcgtacgaagaaggccaagaacggccgcctggtgacggtatccgagggtgaagccttgattagccgctac

aagatcgtaaagagcgaaaccgggcggccggagtacatcgagatcgagctagctgattggatgtaccgcgagatcaca

gaaggcaagaacccggacgtgctgacggttcaccccgattactttttgatcgatcccggcatcggccgttttctctaccgcct
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ggcacgccgcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggcagcgccgga

gagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtcaaatgacctgccggagtacgatttgaaggaggaggcg

gggcaggctggcccgatcctagtcatgcgctaccgcaacctgatcgagggcgaagcatccgccggttcctaatgtacgg

agcagatgctagggcaaattgccctagcaggggaaaaaggtcgaaaaggtctctttcctgtggatagcacgtacattggg

aacccaaagccgtacattgggaaccggaacccgtacattgggaacccaaagccgtacattgggaaccggtcacacatg

taagtgactgatataaaagagaaaaaaggcgatttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcct

ggcctgtgcataactgtctggccagcgcacagccgaagagctgcaaaaagcgcctacccttcggtcgctgcgctccctac

gccccgccgcttcgcgtcggcctatcgcggccgctggccgctcaaaaatggctggcctacggccaggcaatctaccagg

gcgcggacaagccgcgccgtcgccactcgaccgccggcgcccacatcaaggcaccctgcctcgcgcgtttcggtgatg

acggtgaaaacctctgacacatgcagctcccggagacggtcacagcttgtctgtaagcggatgccgggagcagacaag

cccgtcagggcgcgtcagcgggtgttggcgggtgtcggggcgcagccatgacccagtcacgtagcgatagcggagtgta

tactggcttaactatgcggcatcagagcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgta

aggagaaaataccgcatcaggcgctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcg

gtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaa

ggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgcccccctgacgagcatc

acaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagct

ccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcat

agctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccga

ccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactggt

aacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaag

gacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaacc

accgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttt

tctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcattctaggtaCTAAAACAATT

CATCCAGTAAAATATAATATTTTATTTTCTCCCAATCAGGCTTGATCCCCAGTAAGTC

AAAAAATAGCTCGACATACTGTTCTTCCCCGATATCCTCCCTGATCGACCGGACGC

AGAAGGCAATGTCATACCACTTGTCCGCCCTGCCGCTTCTCCCAAGATCAATAAAG

CCACTTACTTTGCCATCTTTCACAAAGATGTTGCTGTCTCCCAGGTCGCCGTGGGA

AAAGACAAGTTCCTCTTCGGGCTTTTCCGTCTTTAAAAAATCATACAGCTCGCGCGG

ATCTTTAAATGGAGTGTCTTCTTCCCAGTTTTCGCAATCCACATCGGCCAGATCGTT

ATTCAGTAAGTAATCCAATTCGGCTAAGCGGCTGTCTAAGCTATTCGTATAGGGACA

ATCCGATATGTCGATGGAGTGAAAGAGCCTGATGCACTCCGCATACAGCTCGATAA

TCTTTTCAGGGCTTTGTTCATCTTCATACTCTTCCGAGCAAAGGACGCCATCGGCCT
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CACTCATGAGCAGATTGCTCCAGCCATCATGCCGTTCAAAGTGCAGGACCTTTGGA

ACAGGCAGCTTTCCTTCCAGCCATAGCATCATGTCCTTTTCCCGTTCCACATCATAG

GTGGTCCCTTTATACCGGCTGTCCGTCATTTTTAAATATAGGTTTTCATTTTCTCCCA

CCAGCTTATATACCTTAGCAGGAGACATTCCTTCCGTATCTTTTACGCAGCGGTATT

TTTCGATCAGTTTTTTCAATTCCGGTGATATTCTCATTTTAGCCATttattatttccttcctcttttct

acagtatttaaagataccccaagaagctaattataacaagacgaactccaattcactgttccttgcattctaaaaccttaaat

accagaaaacagctttttcaaagttgttttcaaagttggcgtataacatagtatcgacggagccgattttgaaaccgcggtga

tcacaggcagcaacgctctgtcatcgttacaatcaacatgctaccctccgcgagatcatccgtgtttcaaacccggcagctt

agttgccgttcttccgaatagcatcggtaacatgagcaaagtctgccgccttacaacggctctcccgctgacgccgtcccgg

actgatgggctgcctgtatcgagtggtgattttgtgccgagctgccggtcggggagctgttggctggctgg 

 

The sequence of the plasmid containing inactive theophylline aptazyme inserted 

in the 3’UTR of the OHP1 gene expressed under the native OHP1 promotor 

(PrOHP1:OHP1:iTheoAz).  

 

The sequence is the same as for PrOHP1:OHP1:aTheoAz except of change in the 

aptazyme sequence. 

Yellow – inactive theophylline aptazyme 

 

TGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAGAGCCATACCAG

CCGAAAGGCCCTTGGCAGGGTTCCTGGATTCCACTGCTATCCA 
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