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Notes to the reader 

 

The presented doctoral thesis is organized in three chapters that can be read independently 

and an additional conclusion that involves future prospects of artificial riboswitches.  

Chapter I gives a general introduction to mRNA processing in eukaryotes and bacteria. Addi-

tionally, the mechanisms of natural and artificial riboswitches are described. Chapter II and 

Chapter III present results of two independent projects. Chapter II describes the use of guani-

dine riboswitches for conditional regulation of gene expression in S. aureus. Chapter III de-

scribes the use of tetracycline-dependent artificial riboswitches for gene regulation in 

C. elegans and HeLa cells. Both chapters include an introduction, followed by a results and 

discussion part and a conclusion. The materials and methods are summarized in a separate 

chapter. 

The main part of the experiments was conducted in the laboratory of Prof. Dr. Jörg S. Hartig 

(Department of Chemistry, University of Konstanz) from March 2017 until September 2020. 

C. elegans experiments were conducted in collaboration with the laboratory of Prof. Dr. Elke 

Deuerling and Dr. Martin Gamerdinger (Department of Biology, University of Konstanz). 

 

Parts of Chapter I are published in “Aptamers in RNA-based switches of gene expression” 

Sporing, M., Finke, M. and Hartig, J.S. (2020) Curr Opin Biotechnol, 63, 34-40.  

Parts of Chapter III are published in “A tetracycline-dependent ribozyme switch allows condi-

tional induction of gene expression in Caenorhabditis elegans” Wurmthaler, L.A., Sack, M., 

Gense, K. et al. (2019) Nat Commun, 10, 491. 

Additional parts of Chapter III will be published in “Efficient splicing-based RNA regulators 

for tetracycline-inducible gene expression in human cell culture and C. elegans“ Finke M., 

Brecht D., Stifel J. et al. (2021) submitted; Part of the results presented in Chapter III were 

obtained in collaboration with Dominik Brecht and Martin Gamerdinger. 
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1. Abstract 

Synthetic riboswitches gain increasing interest for controlling transgene expression in diverse 

applications ranging from synthetic biology for basic research to potential therapeutic ap-

proaches. Just like their naturally occurring counterparts, artificial riboswitches consist of a 

ligand-binding aptamer domain that is fused via a communication module to an expression 

platform needed to modulate gene expression. These riboswitches can solely consist of an 

aptamer that acts as cis-regulatory element to manipulate the accessibility of important se-

quence elements within the mRNA of the gene of interest. In a more complex composition, an 

aptamer can be fused to a small self-cleaving ribozyme. Placed in the untranslated region of 

an mRNA, it can then affect RNA stability in a ligand-dependent manner.  

This study describes the use of a naturally occurring riboswitch motif as well as artificially 

constructed riboswitches for the regulation of transgene expression in Staphylococcus aureus 

(S. aureus), mammalian cells and Caenorhabditis elegans (C. elegans).  

The guanidine-II riboswitch naturally controls gene expression in bacteria via masking of the 

Shine-Dalgarno sequence (SDseq). Binding of its small ligand guanidine thereby leads to lib-

eration of the ribosome binding site and translation initiation. By placing the guanidine-II 

aptamer close to SDseq of a gfp reporter gene, it was used to induce protein expression in 

S. aureus at different growth states from early to late exponential phase. As there are no easily 

applicable systems for conditional induction of transgene expression available to date, the 

presented guanidine-sensing system holds great potential to study unknown protein functions 

in S. aureus. Additionally, hammerhead ribozyme (HHR) motifs were evaluated as potential 

expression platforms for gene regulation in S. aureus via mRNA cleavage and degradation. 

Different versions of a type 1 HHR, with optimized lengths of the closing stem, as well as a 

type 3 HHR were placed into the 5´-UTR of gfp and show strong downregulation in fluores-

cence intensity. Both can be considered suitable expression platforms for the development of 

further potent artificial riboswitches in S. aureus.  

In addition, this thesis describes the use of a tetracycline-dependent HHR for control of 

transgene expression in C. elegans and splicing-based RNA switches for gene regulation in 

HeLa cells and C. elegans. First, it was demonstrated that tetracycline concentrations up to 

10 µM show no toxic effect on C. elegans in terms of life span and thermo-tolerance. In com-

bination with a tetracycline-dependent ribozyme placed into the 3´-UTR of an mCherry re-

porter, tetracycline addition allowed for induction of transgene expression in different tissues 

of C. elegans. Binding of tetracycline inhibits the catalytic cleavage of the mRNA by the 
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HHR and translation can occur. In a further step, we achieved strong induction of polyQ ag-

gregates in the presence of tetracycline which allowed for the development of a Huntington’s 

disease model. 

In a second design, synthetic riboswitches for conditional control of gene expression by regu-

lation of alternative splicing were developed. An artificial intron-alternative exon-intron cas-

sette was used that contains an NMD-tag which leads to mRNA decay when it is spliced into 

the coding region of the gene of interest. Placing the 5´-splice site into a stem structure of a 

tetracycline-sensing aptamer enabled the regulation of the accessibility of the alternative ex-

on’s splice site. RNA switches controlling protein expression in human cells with different 

levels of protein expression were identified. Further, minimalistic versions of this system 

were developed that circumvent the need to insert an additional exon. Finally, the robustness 

of this approach was shown by transferring the devices into C. elegans where high levels of 

functional protein expression were achieved and background expression was strongly sup-

pressed. Given these attributes, the developed switches allow for a wide range of applications 

in this important model organism.  

The systems presented in this thesis greatly expand the toolbox of genetic devices to study 

important model organisms like C. elegans and the pathogenicity of S. aureus. The simplicity 

of the described RNA switches and the transferability together with ongoing advances in this 

field will further increase the value of artificial riboswitches in synthetic biology and give rise 

to new approaches in gene therapy.  
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2. Zusammenfassung 

Synthetische RNA-Schalter (Riboswitche) gewinnen zunehmend an Interesse für die Kontrol-

le von Transgenexpression in verschiedenen Anwendungen. Diese reichen von der syntheti-

schen Biologie für die Grundlagenforschung bis hin zu potenziellen therapeutischen Ansät-

zen. Genau wie ihre natürlich vorkommenden Pendants bestehen synthetische Riboswitche 

aus einer ligandenbindenden Aptamerdomäne, die über ein Kommunikationsmodul mit einer 

Expressionsplattform fusioniert wird, um die Genexpression zu beeinflussen. Diese Riboswit-

che können ausschließlich aus einem Aptamer bestehen, das als cis-regulatorisches Element 

fungiert, um die Zugänglichkeit wichtiger Sequenzelemente innerhalb der mRNA des betref-

fenden Gens zu beeinflussen. In einer komplexeren Zusammensetzung kann ein Aptamer an 

ein kleines selbstspaltendes Ribozym fusioniert werden. Platziert man dieses in der nicht-

translatierten Region einer mRNA, kann es dann die RNA-Stabilität in einer ligandenabhän-

gigen Weise beeinflussen.  

Diese Studie beschreibt die Verwendung eines natürlich vorkommenden Riboswitch-Motivs 

sowie künstlich konstruierter Riboswitche für die Transgenexpression in Staphylococcus au-

reus (S. aureus), Säugetierzellen und Caenorhabditis elegans (C. elegans).  

Der Guanidin-II Riboswitch kontrolliert die Genexpression in Bakterien auf natürliche Weise 

durch Maskierung der Shine-Dalgarno-Sequenz (SDseq). Die Bindung von Guanidin sorgt 

dabei für die Zugänglichkeit der ribosomalen Bindestelle und ermöglicht die Translation. In-

dem der Guanidin-bindende Teil des Riboswitch nahe der SDseq eines gfp Reportergens plat-

ziert wurde, wurde es verwendet, um die Proteinexpression in S. aureus zu induzieren. Dies 

war in verschiedenen Wachstumsphasen, von der frühen bis zur späten exponentiellen Phase, 

möglich. Da es bisher keine einfachen Systeme zur kontollierten Expression von Transgenen 

gibt, birgt das vorgestellte Guanidin-Sensorsystem ein großes Potential zur Untersuchung 

unbekannter Proteinfunktionen in S. aureus. Zusätzlich wurden Hammerhead Ribozyme 

(HHR) als potentielle Expressionsplattformen für die Genregulation über mRNA-Spaltung 

und anschießende Degradation getestet. Verschiedene Versionen eines Typ 1 HHR, mit opti-

mierten Stammlängen zur Verbindung an die RNA, sowie ein Typ 3 HHR wurden in die 5´-

UTR des gfp eingebracht und zeigten eine starke Herunterregulierung der Fluoreszenzintensi-

tät. Beide Ribozyme können als geeignete Expressionsplattformen für die Entwicklung von 

potenten synthetischen Riboswitchen in S. aureus angesehen werden. 
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Darüberhinaus wird in dieser Arbeit die Verwendung eines tetracyclinabhängigen HHR zur 

Kontrolle der Transgenexpression in C. elegans, sowie auf Spleißen basierte RNA-Schalter 

zur Genregulation in HeLa Zellen und C. elegans beschrieben. Zunächst wurde gezeigt, dass 

Tetracyclinkonzentrationen bis zu 10 µM keine toxische Wirkung auf C. elegans im Hinblick 

auf Lebensdauer und Thermotoleranz haben. In Kombination mit einem tetracyclinabhängi-

gen Ribozym, das in die 3´-UTR eines mCherry-Reporters eingebracht wird, hemmt die Tet-

racyclinbindung die katalytische Spaltung der mRNA durch das HHR und ermöglichte die 

Transgenexpression in verschiedenen Geweben von C. elegans. In einem weiteren Schritt 

wurde eine starke Induktion von PolyQ-Aggregaten in Gegenwart von Tetracyclin erreicht. 

Dies ermöglichte die Entwicklung eines Modells der Huntington-Krankheit.  

In einem zweiten Design wurden synthetische RNA-Schalter zur Kontrolle der Genexpression 

durch die Regulierung von alternativem Spleißen entwickelt. Es wurde ein künstliches Intron-

alternatives Exon-Intron-Konstrukt verwendet, das eine NMD-Erkennungssequenz enthält. 

Diese führt zum Abbau der mRNA, wenn sie in die kodierende Region des betreffenden Gens 

gespleißt wird. Das Plazieren der 5´-Spleißstelle in eine Stammstruktur des tetracyclinbinden-

den Aptamers ermöglichte die Regulierung der Zugänglichkeit der Spleißstelle des alternati-

ven Exon. Es wurden RNA-Schalter identifiziert, die die Proteinexpression in humanen Zellen 

verschieden stark regulieren. Ebenso wurden weitere, minimalistische Versionen dieses Sys-

tems entwickelt, die die Notwendigkeit eines zusätzlichen Exons umgehen. Abschließend 

wurde die Robustheit dieses Ansatzes durch die Übertragung der Schalter in C. elegans ge-

zeigt. Dort wurden hohe Expressionslevel funktioneller Proteine bei sehr niedrigen Hinter-

grundexpressionen erreicht. Angesichts dieser Eigenschaften erlauben die entwickelten Schal-

ter eine breite Palette von Anwendungen in diesem wichtigen Modellorganismus. 

Die im Rahmen dieser Arbeit entwickelten Systeme erweitern die Möglichkeiten zur Genex-

pression erheblich, um wichtige Modellorganismen, wie C. elegans und die pathogenen Ei-

genschaften von S. aureus, zu untersuchen. Die Einfachheit der beschriebenen Systeme und 

die gute Übertragbarkeit zusammen mit fortlaufender Entwicklungen auf diesem Gebiet wer-

den die Nutzung artifizieller RNA-Schalter in der synthetischen Biologie weiter erhöhen und 

daüberhinaus neue Ansätze in der Gentherapie hervorbringen. 
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3. Chapter I: General introduction 

 

The central dogma of biology has been postulated in and refined ever since the 1950s. DNA is 

transcribed into RNA and subsequently translated into protein (Figure 1). Together these mac-

romolecules regulate, control and operate every biological process within a living cell. DNA 

stores the genetic information which is retrieved as necessary. RNA then works as messenger 

and delivers the information to the ribosome. Proteins are then generated as the catalytically 

active biomolecules which regulate homeostasis and development of an organism (1,2).  

 

 

Figure 1 Central dogma of biology. DNA stores the genetic information. It can be replicated and transcribed into 

RNA. RNA can be reverse transcribed into DNA or it can be translated into proteins. DNA, deoxyribonucleic acid; 

RNA, ribonucleic acid 

 

Each of these macro molecules and their interactions with each other play a crucial role for 

the function of a single living cell but also of a whole organism. Naturally, a plethora of dif-

ferent factors and control mechanisms have developed to allow for an unobstructed develop-

ment.  

The interplay between DNA, RNA and proteins also allows for manipulation of cells and en-

gineering of synthetic genetic circuits to conditionally control gene expression. Scientists in 

the field of synthetic biology have provided innovative solutions for challenges in fields rang-

ing from control of the flow of genetic information, material production or diagnostics for 

better understanding the cell in general and the co-operation of different cell types. Synthetic 

biology helps to understand the development of diseases and contributes to advancements in 

therapeutic applications in medicine (3,4). Since proteins have long been considered to be the 
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only catalytically active biomolecule, a lot of work and effort has been made to inhibit or en-

hance their expression and activity via other protein factors. Only in the 1980s it could be 

shown that also RNAs can exhibit catalytic functions and the focus of the scientific communi-

ty expanded towards regulation of gene expression on the RNA level. 

In the last decades, it has been discovered that RNAs, as single-stranded macromolecules, can 

fold into complex secondary and tertiary structures as a result of inter- and intramolecular 

base pairing (5). These RNA structures are by no means static. Instead, they can be remodeled 

in response to changes in the near physicochemical environment of the cell and also as a re-

sult of interactions with RNA-binding biomolecules (6). This way, different classes of RNAs 

have evolved which are involved in a variety of cellular processes. To name just a few, trans-

fer RNAs (tRNAs) are needed for the elongation of the peptide chain during protein biosyn-

thesis, microRNAs and non-canonical RNA tails are involved in post-transcriptional gene 

expression regulation and even catalytic RNAs, so-called ribozymes, like some ribosomal 

RNAs (rRNAs), are present in each cell (7-10). The various structures that RNA can adapt 

allow for these different functions and further analyses have revealed regulatory effects of 

RNA structure also on messenger RNA (mRNA) processing like polyadenylation, splicing, 

translation, and turnover (5). 

The focus of this thesis will be on engineered RNA switches for the conditional gene regula-

tion on the level of mRNA using structured sequence elements. mRNA transport, localization 

and stability directly influence the downstream protein expression and present a suitable start-

ing point for the design of such genetic devices.  

 

3.1. mRNA maturation in eukaryotes 

All RNA molecules are synthesized by a RNA polymerase in a process called transcription 

using a single stranded DNA (ssDNA) sequence as template. In eukaryotic cells, transcription 

and translation are spatially separated. Transcription of messenger RNAs (mRNAs) occurs in 

the nucleus followed by major processing, including 5´-capping, splicing, 3´-end processing 

and nuclear export to the cytoplasm, where translation takes place. It has become clear that 

these mRNA processing events are tightly coupled and have a profound effect on the fate of 

the resulting transcript. The main polymerase for mRNA transcription in eukaryotes is RNA 

polymerase II (RNAP II). Binding the promotor region on the DNA template it initiates tran-

scription in interplay with different transcription factors (TFs) and is responsible for elonga-

tion of the RNA chain (11). Additionally, its C-terminal domain (CTD) adopts different phos-
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phorylation states and thereby plays a crucial role in recruiting relevant RNA processing en-

zymes soon after transcription initiation for downstream processing and maturation of the 

mRNA (12,13). 

 

5´-capping 

The first step in mRNA processing is the addition of a 7-methyl guanosine linked via a 5´-5´-

triphosphate bridge to the first nucleoside (m7GpppN) of the nascent mRNA transcript to add 

the so-called 5´-cap (14). This capping process is coupled to the early stage of transcription as 

the guanylyl transferase domain of the mammalian capping enzyme binds directly to the 

phosphorylated CTD of the elongating RNAP II (termed RNAP II0). Three enzymatic reac-

tions are necessary for 5´-capping. First, a RNA tri-phosphatase removes the γ-phosphate of 

the terminal nucleotide, then the guanylyl transferase transfers GMP from GTP to form 

GpppN, which is subsequently methylated by a N7G-methyltransferase using S-adenosyl me-

thionine (SAM) as a co-factor. In higher eukaryotes, the RNA triphosphatase activity and the 

guanylyl transferase activity are both catalyzed by a bifunctional capping enzyme (15,16). 

The functions of the 5´-cap are diverse and the cap structure has been discovered to be neces-

sary for efficient gene expression and cell viability from yeast to human. In the nucleus as 

well as in the cytoplasm the 5´-cap enhances stability of the mRNA by protecting the tran-

script against 5´→3´ exonucleases. Furthermore, it functions as a unique identifier for recruit-

ing protein factors for pre-mRNA splicing, polyadenylation and nuclear export and it plays an 

essential role in cap-dependent initiation of protein synthesis (17-19). In order to eliminate 

mRNAs that have fulfilled their purpose, specialized de-capping enzymes remove the 5´-cap. 

After removal of the poly(A) tail, the hydrolysis of the 5´-m7GpppN cap is catalyzed by Dcp2 

as lead factor, which leaves the transcript susceptible to degradation by exonucleases (20).  

 

Pre-mRNA splicing 

Eukaryotic mRNA transcripts consist of coding regions (exons) which are interspersed by 

noncoding regions, so-called introns (21). These introns are removed in a process called splic-

ing and the exons are joint together to remain as template for translation into a protein (22). 

The nascent transcript, consisting of coding and noncoding sequence elements, is referred to 

as precursor mRNA (pre-mRNA) whereas the processed mRNA that is used as template for 

translation is called mature mRNA. In many cases the noncoding regions which are removed 

during the splicing process make up the larger part of the nascent transcript (21).  
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The precise removal of the noncoding regions of pre-mRNAs is a required and tightly con-

trolled process to ensure proper protein expression. Information for the identification of in-

trons is provided by the pre-mRNA and is limited to short conserved sequences at the 5´-

splice site (SS), 3´-SS and the branch site (BS). The BS is usually located 18-40 nucleotides 

upstream of the 3´-SS and in higher eukaryotes is followed by a poly pyrimidine tract (22). 

The excision of introns proceeds through two consecutive transesterification reactions. In a 

first step of the splicing reaction, the adenosine at the branch site of the intron carries out a 

nucleophilic attack on the phosphate of the 5´-SS via its 2´-OH group. This results in cleavage 

at the 5´-SS and a loop or lariat formation by ligation of the 5´-end of the intron to the branch 

adenosine. In a second step, the 3´-SS is attacked by the 3´-OH group of the freed 5´-exon, 

leading to the ligation of the 5′ and 3′ exons and release of the intron (Figure 2). Initial work 

in the late 1980s and early 1990s showed that splicing occurs co-transcriptionally and that 

factors involved in splicing co-localize with transcription sites (23,24). As with 5´-capping, it 

could be shown, that the phosphorylation state of the CTP of RNAP II plays an important role 

in the splicing process. Only the phosphorylated RNAP II0 physically associates with splicing 

factors while CTD truncation leads to inefficient splicing in mammalian cells and anti-CTD 

antibodies and CTD peptides could be shown to inhibit splicing in vitro (25-28). 

 

 

Figure 2 Composition and schematic representation of the two-step mechanism of pre-mRNA splicing. A 

Conserved sequences in metazoans at the 5´-and 3´-splice sites and branch site of U2-type pre-mRNA introns. Y: 

pyrimidine and R: purine. The poly pyrimidine tract is indicated by Y(n). B Schematic representation of the two 

steps of pre-mRNA splicing. Cylinders represent the exons and solid lines the intron. The branch site (BS) adeno-

sine is indicated by the letter A and the phosphate groups at the 5´- and 3´-splice sites (SS) are depicted as P. 

Adapted from Will et al. (29)  

 

The transesterification reactions involved in pre-mRNA splicing are catalyzed by a multi-

megadalton ribonucleoprotein (RNP) complex, the spliceosome (29). The spliceosome con-

sists of several small nuclear ribonucleoproteins (snRNPs) in conjunction with a large number 
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of additional proteins. The involved snRNPs are classified by association with specific U-rich 

snRNAs (30,31). As reviewed in Lee et al. (32), various in vitro experiments showed that the 

spliceosome assembles on the pre-mRNA in different ways often decided by but not limited 

to intron lengths. A simplified scheme of the canonical cross-intron assembly and disassembly 

pathway of the U2-dependent spliceosome is shown in Figure 3. The U2-type spliceosome is 

the most common spliceosome but other types such as the U12-dependent spliceosome also 

exist. Especially when intron lengths do not exceed 200-250 nucleotides, the spliceosome 

mostly assembles across the intron by the recruitment of U1 snRNP to the 5´-SS via base pair-

ing of the 5´-end of the U1 snRNA with the 5´-splice site consensus sequence. Additional 

non-snRNP factors, such as SF1/mBBP and U2AF interact with the BS and the poly pyrimi-

dine tract to build the earliest spliceosome complex E (33).  

 

 

Figure 3 Simplified schematic presentation of the spliceosome assembly and disassembly cycle. Depicted 

is the stepwise interaction of the spliceosomal small nuclear ribonucleoprotein (snRNP) particles (U1, U2, U4, U5, 

and U6) (colored circles) during the removal of an intron from a precursor messenger RNA (pre-mRNA) contain-

ing two exons (blue and purple); non-snRNP proteins are not shown. SS, splice site; adapted from Lee et al. (32) 

In the next step, the U2 snRNP replaces the non-snRNP factors and associates with the BS 

forming the A complex, also called pre-spliceosome. Following, the U4/U6.U5 tri-snRNP is 

recruited to build the pre-catalytic B complex with subsequent rearrangements in RNA–RNA 
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and RNA–protein interactions, leading to the destabilization of the U1 and U4 snRNPs and 

yielding the active spliceosome which catalyzes the first transesterification reaction and lariat 

formation. This in turn leads to the C complex which catalyzes the second reaction step result-

ing in the joint exons. The spliceosome then disassembles and the snRNPs are recycled for 

additional rounds of splicing (34,35). 

Not only the splice sites and the branch site sequences but also additional cis-acting pre-

mRNA sequence elements can influence the splicing process. These elements include exonic 

and intronic splicing enhancers (ESEs and ISEs) or silencers (ESSs and ISSs). These elements 

are usually short and very diverse sequences. They modulate splicing via binding of regulato-

ry proteins that either stimulate or repress the assembly of spliceosome complexes (22).  

In addition to pre-mRNA splicing catalyzed by the spliceosome, splicing can also occur with-

out protein co-factors in so-called group I or group II introns (36). In these rare cases, the 

RNA folds into a specific tertiary structure that catalyzes the two transesterifications. Acting 

as a ribozyme, group I introns use a non-covalently bound guanosine residue to catalyze the 

first transesterification reaction whereas the later identified group II introns can also use an 

internal adenine residue. The splicing product of group I introns leaves a linear intron whereas 

the group II intron catalyzes its own splicing with the same reaction sequences as spliceoso-

mal introns and yield an excised intron lariat RNA. These self-cleaving group I and group II 

introns can be found in mitochondrial and chloroplast genomes of some unicellular eukary-

otes as well as in some bacterial genomes (37,38). 

As many factors are involved in the complex process of splicing, the mRNA undergoes exten-

sive quality control before it is further processed. As incorrectly spliced mRNAs could be 

translated into potentially harmful proteins, a quality check of the transcript in the nucleus is 

important to prevent the export of splicing-defective transcripts. As a consequence, a number 

of degradation pathways are in place to act on mRNAs with mutated splice and branch sites, 

incomplete splicing or aberrant lariat-intermediates (39-42). Further quality control mecha-

nisms involve spliceosome-dependent nuclear retention of unspliced transcripts and splice-

defective mRNAs (43-45). Additionally, the nonsense-mediated decay (NMD) pathway has 

evolved in eukaryotes as a highly specific form of quality control. Here, degradation of trans-

lating mRNAs is mostly triggered if an exon junction complex downstream of a stop codon is 

recognized (46,47). NMD represents a translation-dependent posttranscriptional process that 

prevents production of damaged gene products whose open reading frame (ORF) is truncated 

by a premature translation termination codon (PTC), also called "nonsense codon". PTCs can 

be caused for example by mutations at the DNA level (e.g. frame-shifting, deletions and inser-



  GENERAL INTRODUCTION 

21 

 

tions) or by altered splicing signals that lead to production of alternatively spliced mRNA 

isoforms with truncated reading frames (48). 

 

Alternative splicing 

It has been found that the average human gene contains eight exons and seven introns (32). 

Depending on the used splice sites varying mature mRNAs and thus a variety of different pro-

tein isoforms can be produced from a single nascent RNA transcript. In average, a single hu-

man gene is producing three or more alternatively spliced mRNA isoforms. The mechanisms 

of alternative splicing and decision-making on splice site usage include RNA–protein interac-

tions of splicing factors with regulatory sites like splicing silencers or enhancers, RNA–RNA 

base-pairing interactions, or chromatin-based effects that can change or determine splicing 

patterns, reviewed by Lee et al. (32). The splicing outcome typically falls into one of the fol-

lowing categories: inclusion or exclusion of cassette exons (exon skipping), choosing between 

mutually exclusive exons, intron retention, use of alternative 3´- or 5´-splice sites and use of 

alternative promoters or polyadenylation (poly(A)) sites when an intron is located in the 5´- or 

3´-UTR of the mRNA respectively. With more than 85 % of human genes being alternatively 

spliced these mechanisms greatly contribute to the diversity of the human proteome (49). An 

overview of the different splicing levels in several well studied organisms is given in Figure 

4A. Which particular splice site is chosen to gain the appropriate transcript depends on both 

cis- (encoded in the transcript) and trans- (different RNA or protein) acting factors. The cis-

acting splicing enhancer and silencer elements are very small in size and are located in introns 

as well as in exons (Figure 4B). They can be bound by trans-acting factors like members of 

the SR (serine and arginine rich) family of proteins and hnRNPs (heterogenous nuclear ribo-

nucleoproteins), which interact with the RNA as well as with spliceosomal subunits, as re-

viewed by Matlin et al. (50).  
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Figure 4 Alternative splicing in metazoans. A Comparative genomics of splicing levels in several well-studied 

metazoans (32). b The numbers are based on annotations from Ensembl (which does not use RNA-seq data for 

annotations). c The Drosophila and C. elegans gene/transcriptome annotations were imported from FlyBASE and 

WormBASE, respectively. B Top: Elementary alternative splicing regulatory elements and events, adopted from 

(50). Alternative splicing is influenced by present intronic (ISE/ISS) and exonic (ESE/ESS) splicing enhancer and 

silencer elements. Exons are depicted in beige, introns in blue. Different splicing patterns are shown with dotted 

lines. Bottom: A set of different exon skipping and exon modifications is shown. The differential use of splice sites 

can lead to varying transcript isoforms. 
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Not only RNA binding proteins but also small RNAs can act on splice sites or enhancer and 

silencer elements (51). As these trans-acting factors are regulated by different signal transduc-

tion pathways, they show evidence of developmental stage-, region- and tissue-specific ex-

pression. As regulation of alternative splicing is dependent on a variety of factors and com-

plex mechanisms, it is very susceptible to sequence polymorphisms, deletions and mutations. 

As a result, RNA mis-splicing underlies a growing number of human diseases (52). 

 

3´-end processing, polyadenylation and nuclear export of mRNA 

The final step of transcription is endonucleolytic cleavage which occurs 10–30 nucleotides 

downstream of a conserved signal sequence, the polyadenylation signal (PAS), and subse-

quent polyadenylation. In mammals, this sequence is a conserved hexamer, in 90 % of all 

cases AAUAAA, followed by a GU-rich downstream element. In metazoa, additional up-

stream (generally U-rich) and auxiliary downstream elements (generally G or GU-rich) are 

found to support 3´-end processing. Together they specify the cleavage site to release the 

mRNA transcript (53,54). Cleavage is then followed by the addition of a poly(A) tail to the 

3´-end of the transcript. The interplay of different protein factors is necessary to mediate the 

cleavage of the nascent mRNA 3´-end and the subsequent polyadenylation. In mammals these 

processes are catalyzed by five enzymes. The cleavage and polyadenylation specificity factor 

(CPSF) and the cleavage stimulation factor (CstF) bind the PAS and downstream element, 

respectively. The cleavage factors I and II (CFIm and CFIIm) are recruited and the mRNA is 

cut downstream between the PAS and the GU-rich element. Finally, the poly(A) polymerase 

(PAP) catalyzes the addition of ~200 adenosine residues to the 3´-end of the mRNA (54-56). 

The added poly(A) tail is important for nuclear export, mRNA stability, translational efficien-

cy and translocation of the mRNA (57).  

As with splicing, transcripts can be alternatively polyadenylated, thereby altering the men-

tioned factors and allow for an additional step for the cell to regulate gene expression. Alter-

native polyadenylation can for example act on development and cellular differentiation, pro-

liferation and neuron activation, reviewed by Elkon et al. (53). 

As in earlier steps of mRNA processing, which are involved in 3´-end processing, such as the 

CstF subunits, have been shown to interact with the CTD of RNAP II (58). This emphasizes 

that every step of mRNA maturation is directly coupled to transcription. Although transcrip-

tion elongation continues for some distance after the poly(A) signal is transcribed, it was 

found that transcription termination requires a functional poly(A) signal (reviewed by Hirose 
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and Manley in (59)). After successful 3´-end processing, the mature mRNA can be exported 

from the nucleus. 

Nucleus and cytosol are linked through the nuclear core complex (NPC). The export of the 

mature mRNAs is mediated by a variety of protein factors associated with correctly processed 

mRNAs. But the exact number of export factors that are actually attached to any individual 

transcript remains unclear (60,61).  

Taken together, mRNA maturation in eukaryotic cells is a complex procedure with a plethora 

of cis- and trans-acting factors that interplay from transcription initiation to the finished tran-

script. Each step undergoes immense quality control and allows the cell to influence the level 

and isoform of mRNA that is finally exported to the cytosol for translation. The correctly pro-

cessed mRNA found in the cytoplasm then allows for translation of needed proteins depend-

ing on the status of the cell.  

 

3.2. mRNA processing in bacteria 

In contrast to eukaryotic cells, prokaryotes do not have a nuclear envelope for spatial and 

temporal separation of transcription and translation (62). This means, that from the moment of 

transcription initiation, the nascent mRNA chain is directly exposed to every part of the RNA 

processing machinery in the cell; including exo- and endonucleases, RNA-RNA interactions 

and other RNA binding and processing proteins and complexes like the ribosome (Figure 5). 

As there is no barrier to immediate translation, mRNA is translated into protein as soon as the 

ribosomal binding site, the Shine-Dalgarno sequence (SDseq), is transcribed and identified.  

In contrast to eukaryotic mRNA processing the closely coupled transcription-translation ma-

chinery of bacteria leaves only little time and space for co- and post-transcriptional modifica-

tions of the transcript. Nevertheless, initiation, elongation and termination must be tightly 

regulated (62,63). For transcription initiation, the σ-subunit of the holo RNA polymerase rec-

ognizes promoter elements located upstream of a transcript start point (position +1) (64). The 

main promoter elements that facilitate specific transcription initiation by RNA polymerase are 

the UP (upstream) element, the −35 element and the −10 element, with other elements located 

in the spacer region between the −10 and −35 elements and the discriminator element from 

position −4 to −6 (65). As transcript elongation occurs, the ribosome can bind to the RNA as 

soon as the SDseq is transcribed. Therefore, gene expression is mostly modulated by activator 

and repressor systems acting on transcription initiation (66). 
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Figure 5 Prokaryotic vs eukaryotic transcription and translation. A Schematic depiction coupled prokaryotic 

and separated eukaryotic transcription and translation. B Schematic representation of the mature prokaryotic (left) 

and eukaryotic (right) mRNA. The coding sequence is shown as black line. UTR, untranslated region; RBS, ribo-

some binding site; SD, Shine-Dalgarno Sequence 

 

Regulatory proteins (repressors and activators) and RNA polymerase work together to regu-

late transcription initiation at distinct promoter sites (67). At the end of transcription, termina-

tion occurs either Rho-dependent or Rho-independent (68). In the first case, the RNA tran-

script contains a Rho binding site. The enzyme Rho is an ATP-dependent RNA translocase 

that releases RNA by forcing uncharacterized structural changes in the elongating complex. 

The Rho-independent or intrinsic termination relies on the formation of an RNA hairpin and 

terminal uridine-rich segment. Once this sequence is transcribed by the polymerase, these 

elements form a terminator stem and lead to dissociation of the elongating complex (68). 

Although mRNA in bacteria is not as extensively processed as eukaryotic mRNA it has never-

theless an immense repertoire of mechanisms to control gene expression on that level. The 

ability of RNA to fold back on itself and build single stranded as well as double stranded 

structures allows for formation of complex secondary and tertiary structures. Within the tran-

scribed mRNA, these can act for example as thermal sensors or can alter downstream gene 

expression in response to amino acids via uncharged tRNAs in the case of T boxes (69,70). 

Gene expression can also be altered in response to binding of metabolites and inorganic ions 

in case of riboswitches (71). In the following chapter we will have a closer look on ri-

boswitches as all RNA gene regulatory elements. 
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3.3. Riboswitches and small self-cleaving ribozymes 

Riboswitches were discovered in 2002 in bacteria as RNA-based intracellular sensors of vit-

amin derivatives. The defining feature of riboswitches is that they directly recognize a physio-

logical signal, and the resulting shift in RNA structure affects gene regulation (6,72). As inte-

gral parts of the mRNA, riboswitches are generally located in the 5´-UTR of bacterial mRNAs 

derived from genes involved in the biosynthesis of cofactors, enzymes, amino acids and nu-

cleobases (73). Riboswitches in general consist of two regions: a highly conserved aptamer 

region that functions as sensory domain and the expression platform, which is far more varia-

ble and is responsible for modulating downstream gene expression. The aptamer domain un-

dergoes severe conformational changes upon ligand binding which are transmitted to the ex-

pression platform to either induce (ON-switch) or repress (OFF-switch) gene expression (74). 

Riboswitches have been found to work with different mechanisms and can act on transcrip-

tional or translational level. An overview of the most common mechanisms is given in Figure 

6A. An OFF-switch on transcriptional level acts via formation of a terminator stem in case of 

ligand binding which causes disassembly of the RNA elongation complex. In case of an ON-

switch on the other hand, ligand binding leads to formation of an anti-terminator, allowing 

RNA transcription to proceed and subsequent translation. Examples for transcriptional ON- 

and OFF- switches are the adenine and guanine sensing riboswitches of bacillus subtilis, re-

spectively (73). Some riboswitches, like the TPP (thiamine pyrophosphate) sensing element, 

are acting on the translational level and work via the sequestration of the ribosome binding 

site (75). The SDseq is either masked or liberated upon ligand binding and thereby translation 

of the encoded protein is either repressed or allowed (74). Despite the plethora of riboswitch 

ligands, the regulatory activity of the vast majority of bacterial riboswitches is directed at ei-

ther transcription or translation of metabolite transport and biosynthetic genes. Many ri-

boswitches work in a kind of feed-back mechanism where the ligand binding to the sensory 

domain determines a change in gene expression that alters the fate of the ligand itself, e.g. the 

expression of ligand exporters as in the case of guanidine riboswitches (76). Hence, the genet-

ic context of potential riboswitch motifs is also the starting point for identification of its lig-

and, which is far from trivial. In 2004 for example, the ykkC motif was identified as orphan 

riboswitch and only in 2017 did researches identify guanidine as its corresponding ligand. 

Three different classes of guanidine-sensing riboswitches have been published since then, 

acting on transcriptional or translational level to regulate its own metabolism (77,78). A spe-

cial class of riboswitches presents the glmS riboswitch-ribozyme (Figure 6B). Found in the 5´-

UTR of gram-positive bacteria, bound GlcN6P (glucoseamine-6-phosphate) induces RNA 
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cleavage by the glmS riboswitch-ribozyme which creates a free 3´-OH group and renders the 

transcript susceptible to degradation via RNase J. With the self-cleavage within the riboswitch 

sequence it couples metabolite sensing with the catalytic activity of the RNA to undergo self-

cleavage (79,80).  

 

 

Figure 6 Common riboswitch mechanisms. A Top: Examples of metabolites which are known to be directly 
sensed and bound by aptamer domains of riboswitches (middle). Binding of a metabolite stabilizes the ligand-
bound conformation of the riboswitch sensor and induces structural changes in the adjacent expression platform 
which leads to stimulation (bottom) or repression (top) of gene expression. 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. Left: transcriptional regulation. Metabolite binding leads to formation of the 
terminator or antiterminator hairpin. RNAP, RNA polymerase; Right: translational regulation. Metabolite binding 
leads to liberation or sequestration of the Shine-Dalgarno sequence (SDseq). ORF, open reading frame; B In 
gram-positive bacteria, bound GlcN6P induces cleavage by the glmS riboswitch-ribozyme in the 5´-UTR. The 
5´-OH of the resulting fragment stimulates degradation of the mRNA by RNase J. GlnN6P, glucosamine-6-
phosphate; figure adapted from (74).  
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This self-cleavage activity of RNAs can be seen in a variety of so-called small self-cleaving 

ribozymes. As with other catalytically active molecules, these ribozymes need to undergo 

conformational changes to gain their active formation. 

In a highly sequence specific manner, they promote self-cleavage upon formation of the cata-

lytic core. Small self-cleaving ribozymes consist of several helical junctions and engage ter-

tiary interactions of non-helical elements and pseudoknots. The hammerhead ribozyme is the 

best studied one, but several different classes of self-cleaving ribozymes have been identified 

(81-83). Though each family shows a unique structure they have a common theme in their 

catalytic activity. Small self-cleaving ribozymes carry out site-specific phosphodiester scis-

sion in their conserved catalytic core (Figure 7). A nucleophilic attack by the 2´-oxygen of a 

ribose on a neighboring phosphodiester bond leads to a 2´-3´-cyclic phosphate and a free 5´-

hydroxyl group (84). However, the glmS riboswitch-ribozyme is the only ribozyme known to 

undergo the self-cleavage reaction only in presence of its cofactor. The design of a self-

cleaving ribozyme fused to a ligand-sensing aptamer, a so-called aptazyme, is also widely 

used in engineered systems for conditional control of gene expression via ligand-dependent 

RNA cleavage (85).  

 

 

Figure 7 The hammerhead ribozyme. A The reaction proceeds via an SN2 mechanism. The 2´-OH moiety at-

tacks the neighboring 3´–5´-phosphodiester bond. The pentagonal bipyramidal transition state is adopted in both, 

the forward cleavage and in the reverse ligation reaction. The cleavage products are a 2´,3´-cyclic phosphate at 

the 5´-product and a 5´-hydroxyl group at the 3´-cleavage product, which serve as substrates for the ligation reac-

tion. B The catalytic core of the hammerhead ribozyme is shown. It consists of conserved nucleotides at the cata-

lytic core (bold) flanked by helices I–III. Cleavage takes place between nucleotides C17 and 1.1, as indicated by 

the arrow. Dotted lines indicate backbone continuity. C Three types of the HHR are found in nature. They are 

named after the open stem that connects the motif to its surrounding RNA. Interactions between nucleotides of 

loops L1 and L2 are observed in all three topologies, indicated by double-headed arrows (81). 
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Although riboswitches are mostly found in bacterial mRNAs, variants of the TPP riboswitch 

have also been discovered in eukaryotes. Instead of targeting translation and/or transcription, 

eukaryotic TPP riboswitches regulate genes via alternative splicing. Splicing regulating TPP 

riboswitches have been found in filamentous fungi, green algae and higher plants (86-88). 

Thereby, a segment of the riboswitch sensor is located in the intergenic region or 3´-UTR of 

an mRNA and base-pairs with a complementary sequence element which overlaps one of the 

splice sites. This in turn leads to sequestration of the affected splice site which is no longer 

addressed. If TPP is present at the threshold concentration, it binds to the sensor and liberates 

a previously obscured splice site to be accessible to the splicing machinery through conforma-

tional changes in the aptamer. The liberated splice site allows for an alternatively spliced 

RNA which could cause translation of aberrant peptides, premature translation termination or 

produce long 3´-UTRs that destabilize the transcripts (86-89).  

The fact that RNA strands are highly flexible and multifunctional has not been unnoticed in 

the field synthetic biology. A number of groups have been working on the design, characteri-

zation and implementation of artificial riboswitches for conditional control of gene expression 

in different organisms and genetic contexts.  

 

3.4. Artificial riboswitches: aptamer-based gene regulation 

Nature has always been the greatest source of inspiration for scientists and most designs in 

synthetic biology are based on circuits that have evolved over time. All the more interesting is 

the fact that scientists have constructed artificial systems similar to riboswitches even before 

the first naturally occurring riboswitches were discovered in 2002 (6). By placing an in vitro-

selected aptamer sequence into the 5´-UTR of a reporter gene in eukaryotic cells, Werstuck 

and Green created the first artificial riboswitch in 1998 (90). In this design, they isolated RNA 

aptamers that bind specifically to H33258 (Hoechst dye 33258) and placed them into the 5´-

UTR of a β-galactosidase reporter gene. This way they were able to inhibit translation initia-

tion by interfering with ribosome scanning. One drawback of this setting was that major sec-

ondary structures in the 5´-UTR of eukaryotic mRNAs often generally reduce gene expression 

(91,92). Only recently, Liu et al. designed an in trans mechanism in HEK-293 cells to cir-

cumvent this problem. They connected aptamers to 20 nt antisense-strands targeting the 5´-

UTR of endogenous genes (Figure 8A). This led to only slight effects on general gene expres-

sion in the absence of the ligand (93).  
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Other engineered systems include aptamer-controlled exon skipping, occlusion of miRNA 

target sites, controlled miRNA biogenesis, aptamers controlling CRISPR genome editing and 

gene regulation or aptazyme-mediated mRNA cleavage in eukaryotic organisms as reviewed 

in (94). An overview of commonly used mechanisms is given in Figure 8. As these expression 

platforms are applicable in different genetic contexts, they hold great promise for further de-

velopment of efficient gene switches. However, one major bottleneck in the design and im-

plementation of these RNA switches remains the limited set of applicable aptamer-ligand 

pairs. 

 

 

Figure 8 Expression platforms for artificial riboswitches in eukaryotes. A In trans-control of translation initia-

tion. Binding of the ligand interferes with the ribosomal scanning process. B Ligand-dependent splicing regulation. 

Ligand binding leads to sequestering of the 3´-splice site and skipping of an alternative exon. C Ligand-induced 

occlusion of a microRNA (miR) target site. Upon ligand binding, a competing strand prevents RNA interference 

(RNAi). D Reversible inhibition of microRNA maturation. Binding of the TetR homodimer prevents processing of a 

microRNA. Doxycycline reverses TetR binding. E Ligand-deactivated ribozyme. An active ribozyme in the 3´-UTR 

leads to rapid mRNA degradation. Ligand binding inhibits ribozyme cleavage. Adapted from Spöring and Finke et 

al. (94) 
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Although RNA aptamers can be developed in vitro against potentially any small molecule and 

ligand of interest via SELEX (Systematic Evolution of Ligands by EXponential Enrichment), 

these aptamers often lack the ability to undergo sufficient conformational change to be func-

tional in vivo (95). On the other hand, if a suited aptamer is identified, it often can be used in 

many different setups in a very modular fashion.  

A good example for a widely usable sensor domain is the tetracycline aptamer. It was in vitro-

selected by Berens et al. in 2001 (96). The structure comprises three helices P1, P2 and P3 

(Figure 9). In most studies, the aptamer is connected to its surrounding RNA via P1 while P2 

and P3 are closed at the distal ends with loops L2 and L3. The ligand binding site is located in 

the center of the three-way junction and tetracycline is bound as a magnesium ion chelate 

(97). As only the three-way junction and the terminal loop L3 are involved in the binding of 

tetracycline (Figure 9), the aptamer can also be connected to its surrounding RNA via its stem 

P2 without interfering with ligand-binding. A binding-deficient variant of the aptamer, 

achieved by a single A to U mutation within the binding pocket, allows for control constructs 

for in vivo applications (96-99). With its low KD in the sub-nanomolar range and its strong 

discrimination between closely related compounds, such as doxycycline, the tetracycline ap-

tamer proved to be well applicable in a variety of systems in yeast, mammalian cells and mice 

(94,98,100,101).  

 

 

Figure 9 Structure of the tetracycline aptamer as used in (99). The secondary (left) and the tertiary (right) 

structure of the tetracycline aptamer are shown. The crystal structure was solved in the ligand-bound state by 

Xiao et al. (97). Corresponding stems (P) or loops (L) are colored in the secondary and tertiary structures. Tetra-

cycline is shown in green with the associated magnesium ion in yellow. Tetracycline contacting bases are dis-

played in the tertiary structure. Position A13, mutated for binding-deficiency, is circled. 

 

So far, artificial systems have been created using mostly thiamine pyrophosphate-, theophyl-

line-, neomycin-, guanine-, and tetracycline-binding aptamers to control gene expression in 
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bacteria, yeast, mammalian cells, mouse models and recently in Caenorhabditis elegans 

(98,102-104). Of these aptamers, the TPP- and guanine-binding aptamers derive from natural-

ly occurring riboswitches (described in a previous part of this chapter) whereas the theophyl-

line-, neomycin- and tetracycline-binding aptamers were selected using SELEX (96,105,106). 

In 2019, the Süß group was also able to develop a paromomycin-responsive aptamer using a 

modified selection protocol termed “capture SELEX” where ligand-binding is directly cou-

pled to structural re-arrangements (107). This is a very important step towards an extended 

toolbox of applicable aptamers.  

Nevertheless, aptamers and expression platforms cannot simply be joined in any arbitrary 

fashion. Just as important as the aptamer domain and the expression platform is the communi-

cation module that connects the two parts. The relatively few nucleotides that constitute the 

communication module have often been shown to greatly impact the gene expression level 

and dynamic range of the designed switches. In bacteria or yeast, the development of artificial 

riboswitches can be achieved via effective and low-cost screening approaches. Hundreds of 

colonies can be screened by hand and thousands of colonies can be screened, for example, via 

fluorescent-activated cell sorting (FACS), which led to the identification of potent artificial 

riboswitches in Escherichia coli and Saccharomyces cerevisiae (102,103,108,109). Only in 

2019 and 2020, next generation sequencing (NGS)-based screening methods have been pub-

lished that allow for sampling diverse libraries of potential riboswitches in human cell lines 

(110,111). However, the development of robust RNA-based systems for controlling gene ex-

pression that can be optimized easily based on rational designs and testing of relatively few 

sequence variants is still common and of high importance. 
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4. Chapter II: Engineered expression platforms for gene 

regulation in Staphylococcus aureus 

4.1. Introduction 

Staphylococcus aureus (S. aureus) is a gram-positive round shaped bacteria with diameters of 

0.5-1.5 µm. It is a commensal bacterium found on the skin and upper respiratory tract of hu-

mans characterized by individual cocci that form grape-like clusters. S. aureus got its name on 

the basis of the gold pigmentation of colonies and is distinguished from other staphylococcal 

species by positive results of coagulase, mannitol-fermentation, and deoxyribonuclease tests 

(112-114). Alexander Ogston first described staphylococcal disease and its role in sepsis and 

abscess formation (115). Further studies revealed, that S. aureus is also a leading cause of 

bacteremia and infective endocarditis as well as osteoarticular, skin and soft tissue, pleuro-

pulmonary, and device-related infections (116). The fact that infections with this pathogen do 

not generate protective immune responses and the emergence of antibiotic-resistant strains 

like methicillin-resistant S. aureus (MRSA) make the treatment of infections very difficult in 

clinical medicine.  

The large arsenal of virulence factors and global regulators allow for the ability of S. aureus 

to adequately response to changes in its environment which is one of the prerequisites of its 

success as versatile human pathogen. The S. aureus core genome alone encodes for 112 tran-

scription factors (TFs) and the expression of almost all of the major virulence determinants is 

under multiple levels of control (117). α-toxin for example is one of the most important viru-

lence factors. Having the ability to bind host cells, it is encoded by the hla gene in the chro-

mosome of at least 80 % of S. aureus strains and is regulated by over 20 factors (118,119). In 

addition to the variety of TFs, at least 15 riboswitches were mapped on the S. aureus genome 

with 7 operons and 33 genes are expected to be under the control of riboswitches specific for 

S-adenosylmethionine (SAM), thiamine pyrophosphate (TPP), flavin mononucleotide (FMN), 

lysine, glycine, guanine, 7-aminomethyl-7-deazaguanine (preQ1) and glucosamine-6-

phosphate (Glc-6P), as reviewed in (120). Situated in the corresponding mRNA, these ri-

boswitches regulate the synthesis of essential proteins involved in amino acid transport and 

biosynthesis, as well as co-factor and nucleotide biosynthesis.  

Only in 2017, it was shown, that the small compound guanidine is selectively bound by the 

ykkC RNA motif, a widespread riboswitch class, originally discovered in 2004 (77,78). The 

guanidyl moiety itself is well known to the scientific community as a prominent substructure 
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of fundamental metabolites like arginine, creatine and guanine or in its free form as a com-

monly-used reagent for protein denaturation (121). Hence it only makes sense that ri-

boswitches binding free guanidine have been found to regulate genes encoding for proteins 

that overcome its toxicity. These genes include transporters like multidrug efflux pumps, urea 

carboxylases, purine biosynthesis and amino acid metabolism enzymes (77). Sequences of 

guanidine sensing riboswitches have also been found in some staphylococci classes like the S. 

hyicus strain ATCC11249 (122).  

Three classes of guanidine riboswitches have been identified: the ykkC, mini-ykkC and ykkC-

III motif, now renamed guanidine-I, -II and –III riboswitch (Figure 10). Recently, a fourth 

class has been identified and validated in our lab by Felina Lenkeit in co-operation with Zasha 

Weinberg from Leipzig University (123). 

 

 

Figure 10 The family of guanidine riboswitches. Depicted are the conserved sequences and predicted sec-

ondary structure models for (A) guanidine-I, (B) guanidine-II, and (C) guanidine-III riboswitch aptamers as deter-

mined by comparative sequence analysis. The variable-length pairing element (P0) at the 5´-terminus of the 

guanidine-III motif lacks sequence conservation. Adopted from (124) 

 

The consensus sequences of the guanidine riboswitches show great differences in their struc-

ture but similarities in their genetic context, suggesting that they all bind the same ligand 

(125). The guanidine-I riboswitch (guanidine-I RS) induces gene expression in the presence 
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of guanidine by hampering the formation of a terminator stem. Thus this motif acts as a tran-

scriptional ON-switch. The guanidine-II and –III RS on the other hand act via sequestration of 

the Shine-Dalgarno sequence (SDseq) in the absence of guanidine. Binding of their ligand 

liberates the SDseq and allows for translation of the protein. Some sequence similarities have 

been found between these two classes of guanidine riboswitches (125-127). The guanidine-II 

RS is the smallest of this class and presents itself as a simple motif formed by two stem-loops 

connected by a variable linker of 7–40 nts. Structural studies have shown that the two stem-

loop domains are involved in a tight loop–loop interaction with each loop housing a guani-

dine-binding site. The conserved ACGR sequences within the loops facilitate the dimerization 

of these domains. The CG residues base-pair with each other while the A residue forms a base 

triple with a C-G base-pair in the partner stem. Finally, the residues in the R position form a 

stacking interaction. These interactions not only lead to formation of a dimer but also contrib-

ute to the formation of the guanidine-binding pocket. Within the guanidine binding pocket the 

ligand is surrounded by the AGCR loop and stacks with a guanosine to form a cation–π inter-

action. The overall structural arrangement of the guanidine-II binding pocket allows for coop-

erativity which has been observed between the two domains. This observation suggests that 

an opening in the guanidine-II structure could also allow the pocket to accommodate guani-

dine analogs (76,125,126,128). The mechanism of translational control via SDseq masking 

can also be found in S. aureus, for example with the TPP or FMN riboswitch and the coopera-

tive binding of the guanidine-II RS seems similar to ligand recognition by the sensing domain 

of the cooperative glycine riboswitch (120,129). Thus, the aptamer sequence of a guanidine-II 

RS from Escherichia coli (E. coli) was used in this study to conditionally control reporter 

gene expression in the S. aureus RN4220 strain.  

In a second approach, hammerhead ribozyme (HHR) motifs were investigated as potential 

expression platforms for engineered riboswitches in S. aureus. Analogous to the glmS ri-

boswitch, gene expression should thereby be controlled via cleavage and stability of the 

mRNA of the gene of interest. Engineered aptazymes have already been designed and used to 

control gene expression in E. coli (102,108). A ligand sensing aptamer domain is fused to a 

small self-cleaving ribozyme to render the self-cleavage activity ligand dependent. In E. coli, 

this mechanism was used to control the accessibility of the SDseq. The SDseq was placed in 

the closing stem of the ribozyme and masked via its complementary sequence. In the inactive 

conformation of the ribozyme, the SDseq cannot be bound by the ribosome and translation is 

inhibited. In its active conformation, the ribozyme undergoes self-cleavage and the SDseq 

gets liberated. Thus, gene expression can occur. With this design genetic ON- and OFF-
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switches can be designed, depending on the activation state of the ribozyme in the ligand 

bound or unbound state (85). However, we hypothesize that this mechanism is not applicable 

in S. aureus. Ribozyme cleavage produces a free 3´-OH group which is recognized by 

RNase J and leads to subsequent mRNA degradation. The enzyme RNase J possesses both, 

endoribonuclease activity and 5´ to 3´ as well as 3´ to 5´ exoribonuclease activities and is ex-

pressed in about half of bacterial species, but not in E. coli. Thus, engineered aptazymes could 

be used to control gene expression in S. aureus via regulation of mRNA stability. In this the-

sis, type I HHR motifs and a type 3 HHR motif are investigated as suitable expression plat-

forms for engineered aptazymes.  

 
 

4.2. Results and Discussion 

4.2.1. Guanidine-dependent control of reporter gene expression using the guanidine-II 

aptamer 

In a first approach to control reporter gene expression in S. aureus via an external stimulus, a 

naturally occurring guanidine-II RS sequence from E. coli was used. The utilized motif was 

identified in 2007 by Weinberg et al. and biochemically validated to bind guanidine in 2017 

by Sherlock et al. (76,130). This guanidine-II RS has already been used in our group by Malte 

Sinn to control reporter gene expression in E. coli. For reporter gene expression in S. aureus, 

the gfp encoding pCN-pBlaZ plasmid was kindly provided by the group of P. Romby (Uni-

versity of Strasbourg). In order to control translation initiation of GFP, the guanidine-sensing 

aptamer was placed in the hly 5´-UTR encoded on the plasmid. The sequence of the 5´-UTR 

and a secondary structure as predicted by the mfold web server are shown in Figure 11 (131). 

The function and dynamic range of a riboswitch, natural or artificial, depends greatly on the 

genetic context and surrounding RNA. Since the used sequence represents merely the guani-

dine-binding moiety (aptamer) of the riboswitch, the connected expression platform (the sur-

rounding 5´-UTR) should have a great effect on switch performance. Having this in mind, the 

guanidine-II aptamer motif was placed at two different positions within the 5´-UTR, at posi-

tion -18 and at position -47. The -18 position was chosen due to the original genetic context 

and, because Malte Sinn could show, that this positions works for reporter gene expression in 

E. coli (Data not published). The position -47 was chosen because the predicted secondary 

structure of the hly 5´-UTR shows a bulge at this position. It was hypothesized, that the bulge 

structure would interfere less with proper riboswitch folding than the rigid stem structures. 



  GENE REGULATION IN S. AUREUS 

37 

 

Additionally, a construct was designed (guanidine-II Ec UTR) in which the 18 nt between the 

riboswitch and the start codon of the hly UTR were replaced by the 18 nt of the 5´-UTR used 

for expression in E. coli (Figure 12). This way the riboswitch could be tested with its original 

expression platform. 

 

 

Figure 11 Sequence and secondary structure of hly 5´-UTR and guanidine-II aptamer. A Sequence and 

secondary structure of the used hly 5´-UTR. Secondary structures are shown as predicted by the mfold webserver 

(131) The Shine-Dalgarno sequence is highlighted in light grey. The positions -18 and -47 for insertion of the 

aptamer motif are indicated by arrows. B Sequence and predicted secondary structure of the used guanidine-II 

aptamer. 

 

The cloned constructs were transformed into S. aureus RN4220 strain and cultures were 

grown over night in the presence and absence of 5 mM guanidine. The wild type (wt) RN4220 

strain served as control for background (BG) measurement and cultures constitutively ex-

pressing GFP and no inserted riboswitch served as positive control (ctrl). Placed at position -

47, the guanidine-II aptamer shows slight on-switching activity in the presence of 5 mM 

guanidine (Figure 12C). However, the background expression is measured to be 2/3 of the 

induced state. Placed at position -18, the riboswitch shows an increased regulatory activity 

and the fluorescence intensity increased around 8-fold in the presence of guanidine. Interest-

ingly, the original RS with the E. coli UTR shows no expression of GFP in the presence or 

absence of guanidine. Taking a look at the predicted secondary structure (Figure 12B), it can 

be seen that the second loop of the guanidine-II motif is not perfectly distinct. This could pose 

a problem in S. aureus regarding the proper folding of the riboswitch and thus the liberation 

of the ribosome binding site. Additionally, the UTR used from E. coli does not contain a typi-

cal consensus SDseq which could be detrimental to protein expression in general (132).  
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Figure 12 Guanidine-II aptamer for regulation of gene expression. A Sequence and secondary structure for 

the construct at position -18. Black: hly UTR; dark grey: aptamer sequence; light grey: Shine-Dalgarno sequence; 

nucleotides of the start codon are underlined. A to C mutations, indicated by black circles, render the motif binding 

deficient (76). G to A mutation is indicated by a grey circle. Secondary structures are shown as predicted by the 

mfold web server (131) B Sequence and predicted secondary structure for the construct with the E. coli UTR (Ec 

UTR) with the same color code as in A. C Fluorescence measurement of S. aureus strains carrying different con-

structs. Strains were grown in BHI medium over night in the absence (BHI) or presence of guanidine (gd). Meas-

urements were performed in biological triplicates. Error bars represent s.d. D Growth curve of wild type S. aureus 

RN4220. OD600 was measured in BHI medium and different concentrations of gd over time. 

 

At position -47, the distance between the motif and the SDseq seems too far for efficient inhi-

bition of ribosome binding which leads to a relatively high gfp expression even in the absence 

of guanidine. Only at the -18 position, with only two nucleotides between the binding moiety 

and the SDseq, a strong regulatory activity is visible. The construct at position -18 was used 

for further characterization of the guanidine-II aptamer for conditional gene regulation. A 

growth curve of wt S. aureus RN4220 was measured in BHI medium and medium supple-

mented with 5 or 10 mM guanidine to assess the overall toxicity and test for possible growth 

defects. The observed effects suggest a reduced growth during exponential phase in the pres-

ence of 10 mM guanidine and slightly reduced growth in the stationary phase of S. aureus. 

Based on the measured growth curve, 5 mM guanidine was considered a well suited concen-
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tration for following experiments. Further, two mutation variants of this switch were designed 

and tested. One G to A mutation in the second stem-loop of the aptamer was introduced as 

depicted in Figure 13A. The consensus sequence for this motif predicts any purine (A or G) at 

this position and it was tested if the G to A mutation, which would match the two loops, has 

an impact on its activity. In a second mutation, it was tested if the effect on gene expression is 

in fact a direct consequence of guanidine binding. In a biochemical analysis from Sherlock et 

al. it was shown that structural changes are abolished when two A to C mutations were intro-

duced, one in each stem loop (76). Their experiments could prove that the mutated motif un-

dergoes no structural changes upon the addition of guanidine.    

 

 

Figure 13 Guanidine-II aptamer mutants. A Depiction of the two stem loops of the used guanidine-II aptamer. 

The introduced G to A mutation is circled in grey, the A to C mutations are circled in black. B Fluorescence meas-

urement of the mutated motifs. Left: single G to A mutation, right: double A to C mutation. Measurements were 

performed in biological triplicates. gd, guanidine. Error bars represent s.d. 

 

The single G to A mutation in stem loop two does not show a difference in switch activity for 

the chosen motif in the present context. This is in line with the consensus sequence prediction 

as described before and confirms that any purine works at this position. The A to C mutations 

in both stem loops abolish gene switching activity and lead to a constitutive high expression 

level of gfp. The A residue is important for the loop-loop interactions. The mutations disrupt 

these interactions and, in the presented case, keep the motif in a conformation that allows the 

ribosome to access its binding site independent from the presence of guanidine. Given the 

results from the mutation studies, the first introduced guanidine-II aptamer at pos-18 was used 

for further characterization and is named guanidine-II RS in the following paragraphs.  

In the next step, a dose-dependency was measured. Strains carrying the guanidine-II RS were 

grown over night in the presence of different guanidine concentrations to evaluate the sensi-

tivity of the presented system (Figure 14). 
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Figure 14 Dose dependency of the guanidine-II riboswitch. A strain carrying a control construct for constitu-

tive GFP expression (ctrl) and three colonies carrying the guanidine-II RS in the 5´-UTR of GFP were incubated 

over night in the presence of different concentrations of guanidine (gd). Error bars represent s.d.  

 

The guanidine-II RS shows a dose-dependent induction of gfp expression. A half-maximum 

induction can be achieved in the presence of around 1.25 mM guanidine. In the presence of 

5 mM guanidine the measured fluorescence almost reaches control level of the strain constitu-

tively expressing GFP. Incubation with 10 mM guanidine leads to slight increase in both cas-

es. Together with the observed growths defects seen at this concentration, it was decided to 

proceed with a ligand concentration of 5 mM for further experiments.   

Since all measurements so far have been conducted with strains growing over night, it was 

additionally tested, if induction of GFP expression is possible at different growth states. A 

growth curve of a 500 mL culture of a guanidine-II RS carrying strain was measured and 

samples were drawn at four different points during early, middle and late exponential phase. 

Two 5 mL samples were drawn at each point and further cultivated. One sample was grown in 

the presence and one in the absence of 5 mM guanidine. Fluorescence measurements were 

performed every hour and normalized to the corresponding OD600 (Figure 15). An additional 

measurement was performed the following day to assess over night expression. At each 

growth state it was possible to induce gfp expression. In all cases, increased fluorescence 

could already be measured after one hour, although the fluorescence intensity further in-

creased after two and three hours. 
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Figure 15 Induction of gene expression at different growth states. A Shown is a growth curve of a strain 

carrying the guanidine-II RS in the 5´-UTR of a gfp reporter gene. OD600 was measured over time. B-E Samples 

of the strain in A were drawn at different growth states. The indicated OD above the graphs represents the 

OD600 of the starting culture at which the samples were drawn and the first fluorescence measurement was per-

formed. Drawn samples were further cultivated for three hours in the presence and absence of guanidine (gd). F 

Fluorescence measurement of samples drawn at different growth states and further cultivated over night in pres-

ence and absence of gd. 

 

Induction at the early exponential phase, at an OD600 of 0.47, shows the strongest increase in 

fluorescence intensities after one hour and also the strongest overall induction as can be seen 

in the over night measurement (Figure 15F). However, it can be observed that gene expres-
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sion can be induced at different time points from the early to late exponential phase, while un-

induced cultures show no difference in gfp expression over time. In a further experiment, the 

time delay of measurable protein expression after ligand addition was investigated. Since the 

presented system works via masking of the SDseq, the full lengths mRNA transcript should 

be ready for translation as soon as the RBS is liberated. Hence, the translation process itself 

and the maturation of GFP are the two crucial steps. Translation elongation occurs very fast in 

bacteria. In E. coli, a speed of 15.9 aa/s was shown for a FusA-LacZα protein (133). With an 

assumed similar speed in S. aureus, translation of GFP would take less than 1 min. GFP matu-

ration on the other hand seems to vary between bacterial species. GFP has been shown to be a 

suitable reporter in S. aureus, but no closer look has been taken on GFP maturation. In E. coli 

however, it could be shown that GFP maturation can take less than 10 min (134,135). 

 

 

Figure 16 GFP expression. Left: Fluorescence of a strain carrying the guanidine-II RS in the 5´-UTR of the GFP 

reporter was measured. At an OD600 of 0.313, one sample was cultivated in the presence (induced) and one 

sample in the absence (un-induced) of 5 mM guanidine. Fluorescence measurements were performed every 10 

min for 1 h. Right: The un-induced sample shown on the left, was induced at an OD600 of 1.144 (75 min) and 

fluorescence measurements were performed every 10 min.  

 

A 200 mL culture of a strain carrying the guanidine-II RS in the 5´-UTR of the gfp reporter 

gene was grown to an OD600 of 0.313. Two samples were drawn of which one was induced 

with 5 mM guanidine. For the following hour, a sample for fluorescence measurement was 

drawn every 10 min. An elevated fluorescence signal could first be detected after 20-30 min 

(Figure 16). The un-induced sample was additionally induced with 5 mM guanidine after 

75 min at an OD600 of 1.144 and fluorescence measurements were performed every 10 min. 

Again, a first increase in GFP levels could be seen after 20-30 min. These data indicate that 

there should not be a delay in protein translation once the guanidine-II RS binds to its ligand 

and initiates the release of the SDseq. Refolding of the RNA and liberation of the SDseq al-
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low protein translation to occur as soon as the ligand enters the cell and binds to the ri-

boswitch.  

Taken together, the introduced guanidine-II RS can be used to induce transgene expression in 

S. aureus. GFP expression can be induced from a rather low initial expression in a dose-

dependent manner to almost the expression level of a control construct. Additionally, it could 

be shown, that induction is independent on the growth state and increased fluorescence can be 

measured 20-30 min after induction.   

 

4.2.2. The hammerhead ribozyme as expression platform for artificial riboswitches 

In a second approach, a hammerhead ribozyme type 1 (HHRt1) and a HHR type 3 (HHRt3) 

were used to investigate self-cleaving ribozymes as potential expression platforms for artifi-

cial riboswitches in S. aureus. To assess the suitability of a self-cleaving ribozyme as expres-

sion platform, an active and an inactive version of the ribozyme were tested. A simple A to G 

mutation can abolish the self-cleaving potential of HHR motifs (Figure 17) (136). Thus, the 

effect of the introduced secondary structure into the UTR of a gene of interest can be tested as 

well as the effect of a cleaved RNA. In our lab, HHRt1-based aptazymes have been used to 

control gene expression via masking of the SDseq in E. coli. The SDseq was placed in the 

closing stem of the aptazyme and liberated only upon self-cleavage of the ribozyme moiety. 

In a first attempt in S. aureus, this approach was mimicked with the HHRt1 motif as used by 

Stifel et al. (108). A HHRt1 was inserted into the 5´-UTR of the gfp reporter gene, masking 

the SDseq via a complementary sequence in the closing stem. Subsequent transformation of 

the constructs and fluorescence measurement show that neither the active nor the inactive 

version of the HHRt1 allow for detection of gfp expression (Figure 17). In both cases, the 

measured fluorescence intensity is only slightly above background level. These results con-

firm the former hypothesis, that this approach is not applicable in S. aureus. In the inactive 

state of the HHRt1, the SDseq is not accessible to the ribosome and no protein can be trans-

lated. In its active state, the HHRt1 undergoes self-cleavage and the transcript becomes sus-

ceptible to degradation by RNase J which possesses 5´ to 3´ as well as 3´ to 5´ exoribonucle-

ase activity. This RNase is not present in E. coli and the transcript with the liberated SDseq is 

not degraded. In the presented case in S. aureus on the other hand, RNA degradation via 

RNase J competes directly with ribosome binding and translation, as both can only occur after 

ribozyme cleavage. The structure of the closing stem consists of 15 Watson Crick base pairs, 

split by a loop that forms tertiary interaction with stem loop II. 
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Figure 17 HHRt1 masking the SDseq. A Sequence and secondary structure of the hammerhead ribozyme type 

1 (HHRt1) as used in (108). Stem I, II and III are indicated. The cleavage site is indicated by a grey arrow. The A 

to G mutation for catalytic inactivation is indicated by a black arrow. Loop-loop interactions are indicated by grey 

lines. Black lines show continues backbone. The Shine-Dalgarno sequence (SDseq) is highlighted in red. B Fluo-

rescence measurement of the wt S. aureus RN4220 (BG), a strain constitutively expressing GFP (ctrl) and an 

active and an inactive version of the HHRt1 masking the SDseq. Measurements were performed in biological 

triplicates. Error bars represent s.d. 

 

These structures need to be resolved by helicases prior to further processing by nucleases or 

other RNA binding proteins (137). It is possible, that the time needed for unwinding of the 

tight secondary structure of the closing stem masking the SDseq allows for RNase J to be re-

cruited to directly remove the transcript before ribosome binding can occur. This would ex-

plain the extremely low fluorescence measured for the active HHRt1.  

 

In a second design, an active and an inactive version of the HHRt3 and HHRt1 were placed 

into the 5´-UTR of the gfp reporter upstream of the SDseq. Only recently, Farzan and co-

workers tested different HHRt3 variants to identify the most efficient ones (138). Amongst 

others, they identified the T3H48 motif. This HHRt3 is a rather small motif and the closing 

stem III consists of only six Watson Crick base pairs. The T3H48 was placed at two different 

positions within the 5´-UTR to test for differences in gfp expression between the active and 

inactive version (Figure18). For reasons of comparability, the same positions were used as 

before with the guanidine-II RS, namely the -47 and -18 position. In both cases, the inactive 

HHRt3 does not hamper gene expression and the measured fluorescence is comparable with 

the GFP positive control. The active version of the HHRt3 on the other hand reduces gene 

expression at both positions.  
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Figure 18 Sequence and in vivo activity of HHRt3. A Sequence and secondary structure of the used hly 5´-

UTR. Positions -47 and -18 are indicated. The Shine-Dalgarno sequence is highlighted in grey. B Sequence and 

secondary structure of the used HHRt3 with stems I, II and III as described for T3H48 in (138). Tertiary interac-

tions are shown as grey lines. The cleavage site is indicated by a grey arrow. The A to G mutation for inactivation 

is indicated by a black arrow. C Fluorescence measurement of the wt S. aureus RN4220 (BG), a strain constitu-

tively expressing GFP (ctrl) and an active and an inactive version of the HHRt3 at positions -47 and -18. Meas-

urements were performed in biological triplicates. Error bars represent s.d. 

 

At position -18 however, a strong background expression is still detected whereas at posi-

tion -47 the construct shows downregulation of gene expression to background level. The 

differences in the surrounding RNA sequence at the two positions could be one possible ex-

planation for the differences in gene expression. At position -47 the HHR is connected to a 

rather loose loop structure which could allow for proper folding of the active core of the ribo-

zyme. At position -18 on the other hand, the HHR is connected to a rather rigid stem structure 

which could interfere with proper folding. 

Since many aptazymes have been successfully designed in E. coli using the HHRt1 and not 

much has been shown for the HHRt3, the HHRt1 was also tested at position -47. To maintain 

the overall stability of the closing stem I but avoid inserting a second SDseq in the 5´-UTR, a 

“scrambled SDseq” (sSDseq) was used as closing stem (Figure 19).  



GENE REGULATION IN S. AUREUS 

46 

 

 

 

Figure 19 HHRt1 with a scrambled SDseq as closing stem. Left: Sequence and secondary structure of the 

hammerhead ribozyme type 1 (HHRt1). Stem I, II and III are indicated. The cleavage site is indicated by a grey 

arrow. The A to G mutation for inactivation is indicated by a black arrow. Loop-loop interactions are indicated by 

grey lines. Black lines show continues backbone. Changed nucleotides for the scrambled Shine-Dalgarno se-

quence (sSDseq) are highlighted in red. Right: Fluorescence measurement of the active and inactive HHRt1. 

Measurements were performed in biological triplicates. Error bars represent s.d. 

 

However, the inserted HHRt1 does not show a strong difference in fluorescence intensity be-

tween the active and inactive version. In both cases strong gfp expression is measured. To 

investigate if the lengths and stability of the closing stem has an impact on downstream gene 

expression, several variants of the ribozyme with different stem lengths were tested (Fig-

ure 20). One construct was designed with a stem elongated by two additional base pairs. Only 

minor differences could be observed between the active and inactive version of this construct. 

This rules out the possibility that the original closing stem could have been too unstable for 

proper folding of the active site of the ribozyme. The stem consisting of the sSDseq was then 

subsequently shortened by 2-5 bps (sSDseq-2, -3, -4 or -5bps) to check if a more labile stem 

structure would lead to stronger downregulation of gene expression. Fluorescence measure-

ments show that reducing the lengths also reduces gfp expression. Shortening by 2-3 bps leads 

to a similar down regulation while the sSDseq-4bps construct shows the strongest reduction in 

measured fluorescence intensity. Reducing the stem by 5 bps, on the other hand, increases 

background gene expression compared to sSDseq-4bps. This leads to the assumption that this 

closing stem is too short and thereby too labile to guarantee proper folding of the catalytic 

core of the ribozyme. To summarize the measurements concerning the HHRt1 variants: one 

construct at position -47, the sSDS-4bps, shows a difference in gene expression between the 
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active and inactive version of the ribozyme that could be used as expression platform for the 

design of ligand-dependent ribozymes.  

 

 

Figure 20 Fluorescence measurements of HHRt1 constructs with varying lengths of the closing stem. 

Fluorescence intensity of active and inactive versions of the hammerhead ribozyme type 1 (HHRt1) in the 5´-UTR 

of gfp is shown. Corresponding sequences of the closing stem are depicted underneath. Additionally inserted 

nucleotides are shown in purple. The sequence of the closing stem of the sSDseq version is shown for compari-

son. Measurements were performed in biological triplicates. Error bars represent s.d.  

 

Taken together, the tested HHR variants show great potential as expression platform for the 

design of artificial riboswitches. Especially the HHRt3 placed at position -47 allows for the 

selection of switches with a dynamic range from background level to 100 % of constitutive 

protein expression. Aptamers could be fused to stem I to influence the tertiary interactions 

between stem loop I and II and additionally the catalytic core. The guanine- and the TPP-

binding aptamer, for example, have already been shown to work well with small self-cleaving 

ribozymes for conditional control of transgene expression in bacteria (102,108). These ap-

tamers could also be used in the presented case. A possible library design for identification of 

in vivo working aptazymes is shown in Figure 21. Growth curves were measured using the 

S. aureus HG001 strain with different concentrations of guanosine and thiamine (Figure 21). 

While the RN4220 strain is suitable for the quick identification of applicable artificial ri-

boswitches, the HG001 strain is of more interest for researchers working in the field of 

S. aureus pathogenicity. Guanosine instead of guanine was used for the growth curve due to 
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solubility reasons. It enters the cell via nucleoside transporters and is degraded by a purine 

nucleoside phosphorylase which releases guanine (139,140). Both ligands show no negative 

impact on growth and seem suitable for screening of applicable aptazymes.  

A TPP-dependent HHRt3 that induces gfp expression 2-fold could already be identified by 

Felina Lenkeit (Hartig group, University of Konstanz).  

 

 

Figure 21 Library designs for aptazyme identification. A Sequence and secondary structure of the HHRt3 as 

potential expression platform. B and C Sequences of potential libraries for aptazyme identification sensing gua-

nine or TTP, respectively. Black: HHR sequence, Orange: randomized communication module, Blue: aptamer 

sequence. D Growth curve of S. aureus strain HG001 in the presence or absence of different concentrations of 

potential ligands. OD600 was measured over time.   

 

 

4.3. Conclusion 

In the first part of this chapter, it was investigated if the guanidine-II aptamer in combination 

with the hly 5´-UTR can be used to control reporter gene expression in the S. aureus RN4220 

strain. Two positions within the UTR were tested. Placing the motif at the -18 position, two 

nucleotides upstream of the SDseq, was proven to be very efficient. In the presence of guani-

dine increased gfp expression can be measured via a fluorescence read out. It could be shown, 

that gene expression can be induced from low background expression levels to almost 100 % 

of expression measured in a GFP positive control, in a dose-dependent manner. Additionally, 

the induction is independent from the growth state of the bacteria from early to late exponen-

tial phase. Furthermore, an increase in GFP expression can already be measured around 

20 min after induction. This impressively shows that the translational control of gene expres-

sion via the guanidine-II RS poses no delay in protein translation after induction and binding 
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of guanidine. Although guanidine is known to cause high toxicity in bacteria, the presented 

data show that used concentrations of guanidine up to 5 mM cause no severe defects in 

growth or reporter gene expression and are therefore well applicable (78).  

Taken together, the presented system poses great possibilities to study protein functions in 

S. aureus. The system is easily applicable and needs minimal coding space. In addition, in-

duction via guanidine binding allows for highly specific expression at distinct time points. 

The data also encourages to test further naturally occurring riboswitches for function in artifi-

cial contexts. The TPP or FMN riboswitch, for example, could also be tested for their transla-

tional control. Additionally, riboswitches that act on the transcriptional level could be tested, 

for example the guanidine-I or the newly identified guanidine-IV riboswitch.  

In the second part of this chapter, HHR motifs were investigated as potential expression plat-

forms for the development of artificial riboswitches for gene regulation in S. aureus. In its 

active state, the HHR undergoes self-cleavage and leaves the mRNA transcript susceptible to 

degradation by RNase J. This way, downstream protein expression can be regulated via ma-

nipulation of the mRNA stability. It could be shown, that the active HHRt3 at position -47 can 

completely repress reporter gene expression while the inactive version does not impede gene 

expression at all. This leaves a great dynamic rage to identify potential aptazymes that render 

the cleavage activity of the HHR ligand-dependent. In addition, the HHRt1 shows a great re-

duction of gene expression at this position in the 5´-UTR when the closing stem consists of 

only 5 bps. Gene expression is not reduced to background level, but the remaining fluores-

cence intensity is comparable to the guanidine-sensing system. The HHRt1 has been shown 

before to pose great potential for the design of functional aptazymes in E. coli and could also 

be used in S. aureus (108). In Summary, both HHR variants should be further explored as 

expression platform with the HHR type 3 showing the perfect dynamic range. Additionally, it 

should be kept in mind, that shortening of the closing stem of the HHR type I might also im-

prove its performance in other genetic contexts and organisms.  
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5. Chapter III: Tetracycline–dependent aptazyme and RNA 

switches of alternative splicing for gene regulation in 

eukaryotic model organisms 

5.1. Introduction 

The soil nematode Caenorhabditis elegans (C. elegans) was first introduced as a multicellular  

model organism by Brenner in 1974 (141). Since then, various studies revealed a surprisingly 

strong conservation in molecular and cellular pathways between worms and mammals. Its 

easy cultivation on an E. coli diet, the short generation time of 3 days at 20 °C and the about 

300 progenies per self-fertilizing hermaphrodite enable simple and large scale production of 

numerous organisms per day (142).  

In addition, C. elegans is transparent and with the use of fluorescent markers and the well-

engineered microscopes available today, many cellular processes can be easily observed. Each 

of these features contributed to C. elegans becoming one of the most important and best stud-

ied multi-cellular model organisms. Today, C. elegans is used to study a variety of biological 

processes including cell cycle, apoptosis, metabolism and gene expression (142). To investi-

gate these cellular mechanisms and the interplay between different cell types, it is often nec-

essary to knock-down or overexpress certain genes. However, constitutive knock-down or 

overexpression can lead to undesired side effects, like developmental or growth defects or 

even lethality. This leads to the need of genetic devices that allow for temporal and spatial 

control of gene expression that do not affect non-targeted tissues and further diminish nega-

tive influences on the development of the organism. For C. elegans studies, one method is to 

use the heat-shock transcription factor-1 (Hsf-1)-driven FLP or Cre recombinases to excise 

regulatory genetic elements in transgenes to control their gene expression (143,144). Howev-

er, major drawbacks of this method are the use of heat stress for induction that can have an 

impact on cell physiology and gene function, and the non-reversible switching mode that oc-

curs on the DNA level. Another method employs a transcription-based repressible binary ex-

pression system originating from the mold fungus Neurospora crassa (145,146). The induci-

ble Q repressible binary expression system (Q system) comprises the transcriptional activator 

QF that binds to a QUAS (Q upstream activating sequence) response element and thereby 

drives the transcription of a transgene placed downstream. Additionally, the transcriptional 

repressor QS needs to be expressed which binds to QF, thereby inhibiting its function and as 

response suppresses the constitutive expression of the transgene. This suppression of QF ac-
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tivity by QS can be temporally regulated by the addition of quinic acid (QA) which inacti-

vates QS and thereby allows QF to initiate the transcription of the transgene. Taken together, 

this system allows inducible and reversible control of gene expression by feeding animals the 

non-toxic small molecule quinic acid. A disadvantage of this method, however, is the re-

quirement of a fine-tuned and balanced expression of the fungal transcriptional activator-

repressor pair in C. elegans and the restriction to use a non-authentic promoter driving the 

gene of interest (146).  

To circumvent the use of condition-responsive or effector-responsive transcription factors, 

artificial riboswitches present an elegant tool. By sequestration of certain sequence elements 

or regulation of mRNA stability, these gene regulatory devices allow for conditional induction 

or repression of gene expression without the need of additionally expressed proteins. One 

common approach is the use of engineered aptazymes. These ligand-dependent small self-

cleaving ribozymes can be employed to control gene expression on the mRNA level (Figure 

22A). Small self-cleaving ribozymes are catalytically active RNA motifs that promote a site-

specific phosphodiester scission in their conserved catalytic core (82). Effector-responsive 

ribozymes can be engineered by inserting ligand-binding RNA aptamer sequences, which 

control the activity of the attached small self-cleaving ribozyme (85,98,147). To exploit the 

RNA elements for gene regulation, ribozymes are inserted into non-coding regions of the 

mRNA of interest. Placed in the 3´-UTR of a gene of interest, cleavage of the respective 

mRNA results in dissociation of the poly(A) signal and poly(A) tail. Thus, the mRNA be-

comes susceptible to degradation by exonucleases leading to significant downregulation of 

gene expression. 

Aside from aptazymes, another approach presents the use of an aptamer to interfere with 

pre-mRNA splicing (99). Alternative splicing greatly contributes to the diversity of the human 

proteome with more than 85 % of all human genes being alternatively spliced (50,148). Lead-

ing to different protein isoforms, the control of alternative splicing yields the possibility to 

generate various protein products by inserting or skipping additionally introduced exons. Ap-

tamer-based splicing control has been described recently by Süß and co-workers using the 

tetracycline aptamer. In yeast, they obtained efficient inhibition of pre-mRNA splicing by 

insertion of the aptamer close to the 5´-splice site (SS) with the consensus sequence of the SS 

located within the aptamer stem (100). A rigid structure of the aptamer stem led to an inacces-

sible SS and an alternative mRNA version was generated. A very similar set-up was later used 

in mammalian cells where the 3´-SS of the first intron was included in the stem of a tetracy-

cline binding aptamer (99). With this design it was possible to control exon skipping in 
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mammalian cells in four different genetic contexts and proved the robustness of this expres-

sion platform for synthetic riboswitches. 

 

 

Figure 22 Aptazyme- and splicing-based RNA-switches for gene regulation. A Schematic presentation of a 

ligand-induced ribozyme as gene expression ON-switch. A communication module (grey) connects the ribozyme 

to an aptamer (red). Self-cleavage (blue arrow) in the absence of the ligand leads to mRNA decay. Binding of the 

ligand induces a conformational inactive state of the ribozyme which leads to mRNA stabilization and gene ex-

pression. (A)N indicates the poly(A) tail. goi, gene of interest. Adapted from (104) B An alternative exon (alt ex) 

with flanking intron sequences is inserted into a split coding region of the gene of interest (boxed exons). The 

alternative exon carries a stop codon (red hexagon). Depending on the used splice sites, the alternative exon is 

either included into the coding region (left) or the alternative exon is skipped (right). Skipping of the alternative 

exon allows for expression of the functional full-length protein. 

 

Additionally, in 2016, a patent was filed describing a synthetic construct consisting of an in-

tron-alternative exon-intron cassette that was inserted into the coding frame of a firefly lucif-

erase hluc+ (Figure 22B) (149). The alternative exon contains a premature stop codon which 

leads to an altered mRNA version that becomes susceptible to nonsense-mediated decay 

(NMD) if the alternative exon is included into the coding region. In addition, if the mutated 

transcript should escape the NMD pathway, it would further result in a shortened non-

functional protein product (47). To control the incorporation of this exon via an external stim-

ulus, the 5´-SS of the second intron was sequestered within the closing stem of an aptamer 

sensing guanine or theophylline. Presence of the respective ligand determines the accessibility 

of the 5´-SS and thereby the produced mRNA variant. This design holds great promise for the 
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development of further potent artificial riboswitches that control gene expression on mRNA 

level.  

5.2. Results and Discussion 

In order to use artificial riboswitches as gene regulatory devices, the first step is to choose a 

suitable aptamer-ligand pair. The ideal ligand is non-toxic and is easily taken up by the target-

ed cell. A favored aptamer-ligand pair concerning toxicity and bioavailability presents the 

in vitro-selected aptamer that binds tetracycline (96). Tetracycline is known for its high cell-

permeability, it is well tolerated and can be easily applied by supplementing growth media 

and feeding it to C. elegans. As a marketed therapeutic, tetracycline shows a toxicity profile 

that is acceptable for a wide range of applications (150-152). This allows for utilization in 

eukaryotic models like yeast, human cell culture and mice (100,153,154). The corresponding 

tetracycline-binding aptamer derived from SELEX experiments by Berens et al. is well char-

acterized and shows high affinity and specificity towards its ligand (96,97). Furthermore, the 

aptamer has been proven to be suitable for the development of artificial riboswitches in com-

bination with different expression platforms (94).  

In order to use tetracycline and its aptamer for gene regulation in C. elegans, we first exam-

ined its toxicity in the nematode. In literature, a toxic effect of tetracycline in C. elegans is 

still heavily discussed. On the one hand, tetracycline is an efficient antibiotic and thereby also 

affects eukaryotic cells to a certain degree. On the other hand, it was shown that tetracycline 

can also protect C. elegans from beta amyloid-induced toxicity (155,156). In this regard, we 

performed several toxicity assays to identify a suitable concentration range for the use of tet-

racycline as ligand. First, Lena A. Wurmthaler (Hartig group, University of Konstanz) ana-

lyzed the brood size and development of worms at different tetracycline concentrations in a 

range from 1-250 µM. A negative effect on brood size or development could only be seen for 

concentrations above 25 µM (104). In preliminary experiments, we could show that gene ex-

pression regulation, using a tetracycline-dependent aptazyme, could already be achieved in 

the presence of 10 µM tetracycline. Thus, we performed a life span analysis in the presence 

and absence of 10 µM tetracycline (Figure 23) to obtain a more detailed toxicity profile at this 

concentration. Life span analysis was carried out using 100 N2 wild type (wt) worms which 

were grown from hatch in the presence or absence of tetracycline. Dead worms were removed 

and live worms were counted every second day, starting on day 4. A mean life span of 16.5 

days for non-treated and 18.0 days for worms grown with 10 µM tetracycline could be ob-

served. Thus, 10 µM of tetracycline do not show a negative impact on the life span of 
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C. elegans. In a further experiment, we assessed the thermo-tolerance of wt animals at 34 °C 

in the presence and absence of 10 µM tetracycline.  

It is reported that C. elegans can grow and reproduce at temperatures from 12-26 °C. Howev-

er, growth rates differ greatly within this temperature range and an increase in temperature to 

only 26.2 °C already triggers a heat-shock response (157,158). With C. elegans being this 

sensitive to elevated temperature, a heat-shock at 34 °C is expected to have a visible impact 

on the viability of the animals if tetracycline causes additional stress. 

For heat-shock experiments, 50 adult worms, grown in the absence or presence of tetracycline 

from hatch, were placed at 34 °C for 2–7 h and survival rate was determined 16-17 h post-

recovery at 20 °C. A strong reduction in viability can be seen for both conditions after cultiva-

tion of the worms at 34 °C for 6 h and no viable animals could be identified after heat-shock 

for 7 h (Figure 23). A difference between the treated and non-treated group could not be ob-

served. 

Taken together, the life span and heat-shock experiments as well as the brood size and devel-

opment experiments could show that tetracycline concentrations up to 10 µM are well appli-

cable for gene regulation via artificial riboswitches without inducing toxic side effects.  

 

 

Figure 23 Life span and thermo-tolerance. Left: Life span analysis of N2 wild type C. elegans. 100 worms 

grown in the absence (black) or presence (grey) of tetracycline were used. Live animals were counted every sec-

ond day starting on day 4. Mean life-span: 16.5 days (0 µM) and 18.0 days (10 µM); n=100. Right: Thermo-

tolerance assay of N2 worms treated or not treated with 10 µM tetracycline from hatch. Day1 adult animals were 

heat-shocked at 34 °C for the indicated time (2-7 h) and survival rate was determined 16-17 h post-recovery at 

20°C. Shown are the percentages of worms alive. 50 worms per group were used and experiments were per-

formed three times. Error bars indicate s.d. Results published in (104). 
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5.2.1. Tetracycline-dependent hammerhead ribozyme for gene regulation in 

C. elegans 

In first experiments performed by L. A. Wurmthaler, different small self-cleaving ribozymes 

were tested to evaluate their activity in a reporter gene context in C. elegans. Active and inac-

tive versions of ribozymes were placed into the 3´-UTR of an mCherry reporter and protein 

expression was assessed using fluorescence microscopy (104). The type three hammerhead 

ribozyme derived from Schistosoma mansoni showed strong mCherry expression when its 

inactive variant was placed into the 3´-UTR of mCherry, while no background expression was 

visible with the active form (104). In 2015, the Suess group published tetracycline-dependent 

type 3 hammerhead ribozymes for conditional induction of gene expression in mammalian 

cells (147). Hence, several of these constructs were tested for gene regulatory activity in 

C. elegans. It could be shown, that the tetracycline-binding K4 aptazyme can be employed for 

transgene expression in every somatic tissue of the worm, namely the pharynx, the body wall 

muscles and neurons (104). This tissue-specific induction of gene expression shows that the 

use of aptazymes holds high potential for a variety of applications and that tetracycline is able 

to enter different cell types.  

With these first results at hand, the K4 aptazyme was considered a promising candidate to 

establish an aptazyme-based inducible C. elegans polyglutamine (polyQ) Huntington’s dis-

ease model. Huntington’s disease (HD) is a progressive neurodegenerative disorder. Muta-

tions within exon 1 of the huntingtin gene (Htt) result in an expanded CAG repeat leading to a 

polyglutamine stretch of variable length at the N-terminus of the translated huntingtin protein 

(HTT). In a healthy population this polyQ strand ranges between 16 and 20 repeats whereas in 

affected individuals this stretch exceeds 35 repeats. This elongated polyglutamine tract is as-

sociated with protein aggregation and results in toxicity by sequestering other proteins, in-

cluding factors important for transcription and protein quality control (159-161). Today, no 

disease-modifying treatments exist and extensive research is continuously carried out. In this 

regard, C. elegans was found to be a very well suited model organism for investigation of the 

pathogenesis of aggregation-prone proteins, including polyQ proteins (162).  

In close cooperation with the Deuerling group (University of Konstanz), a C. elegans strain 

was generated expressing an aggressive HTT variant that harbors a pathogenic stretch of 

109Q fused to mCherry. Additionally, a strain carrying a 25Q repeat, below the pathogenic 

threshold, was generated as control. Induction of the fusion proteins was regulated via the K4 

aptazyme placed in the 3´-UTR of the fusion protein (Figure 24A). Two disease models were 

generated to induce aggregates either ubiquitously (icd-1p) or neuron-specific (rab-3p).  
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Figure 24 Aptazyme-inducible C. elegans Huntington’s disease models. A Schematic drawing of the con-

struct for inducible expression of human huntingtin exon 1 (Htt) containing a polyglutamine stretch of either 109 

(Htt109Q) or 25 glutamines (Htt25Q) fused to mCherry. Constructs are driven either by the pan-neuronal promot-

er rab-3p or the ubiquitous promoter icd-1p. B Microscope images of worms carrying the rab-3p::Htt25Q::mCherry 

construct (left) or the rab-3p::Htt109Q::mCherry construct (right). Animals were fed 10 µM tetracycline from hatch 

until adulthood (3 days, 20 °C). Upper row shows overlay of bright field images with mCherry fluorescence. Fluo-

rescence signal in boxed sections is shown enlarged to visualize Htt109Q::mCherry aggregates (bottom row). 

White arrows indicate inclusion bodies. C and D Strains carrying the constructs shown in A were treated with 10 

µM tetracycline from hatch. N2 worms served as wild type control. Diagram shows the percentage of paralyzed 

worms at indicated days of adulthood. Error bars represent s.d. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Two-Way ANOVA, Bonferroni post-hoc test; n = 3. Results published in (104). 
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Pan-neural expression shows an even distribution of mCherry when fused to the soluble 25Q 

stretch and only in the Htt109Q::mCherry strains the mCherry signal was found concentrated 

in large inclusion bodies (Figure 24B).  

In a next step, it was evaluated if the induction of these aggregates is strong enough for a visi-

ble phenotype. Huntington’s disease is a neurodegenerative disorder characterized by a severe 

lack of motor coordination in humans and several constitutive muscle-specific or neuron-

specific polyQ disease models in C. elegans show a strong motility defect (162-164).  

Thus, it was tested whether the expression of Htt109Q in worms in the presented models re-

sulted in similar defects. A paralysis assay was performed with wt animals as control and 

strains expressing the Htt25Q::mCherry and the Htt109Q::mCherry. Both disease models, 

pan-neural expression strains and ubiquitous expression strains, were tested. A worm was 

defined as paralyzed when it was only able to move its head but not the rest of its body upon 

nudging the animal. The paralysis assay did not show a significant difference between in-

duced and un-induced strains carrying the same construct for pan-neural expression. Howev-

er, tetracycline treatment significantly reduced the number of body bends in tetracycline-

treated Htt109Q worms in a thrashing assay performed by Karina Gense (Deuerling group, 

University of Konstanz). Thus, pan-neural expression might not lead to early paralysis but the 

induced expression of Htt109Q exerted neurotoxic effects leading to impaired body move-

ment. This effect could not be observed in the Htt25Q strain (104). For ubiquitous expression 

on the other hand, tetracycline treatment induced a premature paralysis phenotype in the 

Htt109Q strain, whereas Htt25Q and N2 wt worms were unaffected. Thus, the expression of 

Htt109Q in the body wall muscles in addition to the pan-neural expression leads not only to a 

defect in movement but actually to early paralysis. Both models can be useful to study the 

consequences of aggregate formation in the different tissues. 

The well visible induced aggregates and the resulting phenotypes for pan-neural and ubiqui-

tous polyQ expression prove aptazymes to be powerful tools for gene regulation in C. ele-

gans. However, the relatively low dynamic range and the slight background that is visible 

leave some room for improvement. In order to tackle these drawbacks, a second approach for 

aptamer-regulated gene expression was investigated, using the tetracycline aptamer to inter-

fere with pre-mRNA splicing. 
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5.2.2. Splicing-based RNA switches for tetracycline-inducible gene expression in 

human cell culture 

Alternative splicing not only contributes to the diversity of the human proteome but also oc-

curs in C. elegans and plays an important role in development. Since the transferability of 

RNA-based gene switches has been proven between human cell culture and C. elegans (as 

described earlier in this chapter), the regulation of pre-mRNA splicing holds great potential to 

develop gene switches that can be applied in both models.  

As a starting point for developing robust RNA switches based on exon skipping, we adapted a 

design that has been introduced in the patent of Boyne et al. (149). The described cassette was 

reconstructed to serve as a starting point for the construction of novel tetracycline-dependent 

RNA switches based on exon skipping. A dual luciferase assay was used for identification of 

constructs for efficient gene regulation. The expression of the firefly luciferase (hluc+) was 

placed under control of the splicing-regulating switch whereas an additionally encoded Renil-

la luciferase (hRluc) served as internal control. The coding frame of the hluc+ gene was split 

into two exons by insertion of an artificial intron-alternative exon-intron cassette. The used 

introns are derived from intron 2 of the human beta-globin gene and the exon is derived from 

exon 2 of the human dihydrofolate reductase gene (DHFR) (149). Each intron flanking the 

alternative exon has a 5´-and a 3´-SS. The alternative exon harbors an in-frame stop codon. 

Depending on the usage of the present splice sites, the artificial exon is either included into 

the reading frame yielding an mRNA susceptible to NMD or the alternative exon is skipped 

and the functional protein is translated (Figure 25).  

 

 

Figure 25 Schematic representation of the gene regulatory cassette and utilized aptamer sequence. A An 

alternative exon (alt ex) with an adjacent aptamer and flanking intron sequences is inserted into a split coding 

region of the gene of interest (boxed exons). The alternative exon carries a stop codon (red hexagon). In the 

absence of tetracycline constitutive splicing incorporates the alternative exon into the mRNA. In the presence of 

tetracycline, this exon is skipped, leading to expression of the functional full-length protein. B Sequence of the 

tetracycline-binding aptamer. Varying sequences of stem P1 are indicated by dotted lines. An A to U point muta-

tion (circled) renders the aptamer binding deficient. 
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This exon skipping process is controlled by inserting the 5´-SS sequence of the second intron 

into the closing stem P1 of the tetracycline aptamer, thereby interfering with its accessibility 

and the subsequent spliceosome assembly process (165,166). In the ligand-unbound state, the 

aptamer is in a loose, open conformation and the 5´-SS is accessible (99,100). The binding of 

tetracycline results in a more rigid conformation of the aptamer. This leads to stem P1 mask-

ing the 5´-SS which prevents the alternative exon to be spliced into the coding sequence of the 

hluc+ gene. As a consequence, the functional full-length protein can be expressed. 

In a first approach, the aptamer was placed analogous to the described set-up by Boyne et al. 

(originally designed by Julia Stifel, Hartig group, University of Konstanz). The aptamer was 

inserted as part of the second intron with the 5´-SS upstream of the ligand binding pocket 

(Figure 26A). In case of alternative splicing, the aptamer sequence is thereby spliced out as 

part of the intron and the alternative exon is spliced into the coding region.   

HeLa cells were transiently transfected with two aptamer constructs which differ in the length 

of the closing stem P1. Cells were incubated with or without 50 µM tetracycline for 24 h. Ac-

tivity of hluc+ was measured and normalized to the expression of hRluc. Relative luciferase 

expression was then calculated in relation to the parental, unmodified dual-luciferase vector 

(psi). This system allows for quantification of the dynamic range of the introduced switches at 

the protein level. First, a splicing control was measured which carries the engineered hluc+ 

intron-alternative exon-intron cassette without any interfering aptamer (Figure 26B). This 

“splice” control shows no expression of intact firefly luciferase in the absence or presence of 

tetracycline. This indicates that very tight regulation with no background expression is possi-

ble upon inclusion of the alternative exon into the coding region. The constructs Tet1 and 

Tet2 both have the 5´-SS completely sequestered but differ in the overall stem lengths and 

stability, with an additional GC pair in the stem of Tet2. Both constructs show exon skipping 

activity and increased luciferase expression upon ligand addition. Tet1 shows a low back-

ground expression of 5 % of the psi control and luciferase activity can be induced up to 

7.3-fold (Figure 26B). The maximum induced luciferase activity reached 48 % in a dose-

dependent manner (Figure 26 C). Tet2 on the other hand shows strong background expression 

in the absence of tetracycline (58 %) suggesting that the more rigid closing stem of the ap-

tamer disturbs recognition of the 5´-SS even in the non-ligand-bound conformation. The in-

duced state even exceeds the control. The single CG bp added in the construct Tet2 changes 

the free energy from -12.3 kcal/mol to -15.4 kcal/mol resulting in a stronger sequestration of 

the splice site which shows a dramatic effect on the expressed proteins levels. To test whether 
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the change in gene expression is in fact a direct consequence of tetracycline binding to its 

aptamer, a binding-deficient variant of Tet1 (Tet1A9U) was tested in parallel. No change in 

luciferase activity could be detected in the presence of tetracycline and the measured fluores-

cence of the inactivated switch is comparable to the off-state of Tet1.  

 

 

Figure 26 Tetracycline-induced exon skipping: aptamer as part of second intron. A Schematic representa-

tion of tetracycline-induced exon skipping. The 5´-SS is placed into the closing stem of the tetracycline aptamer 

upstream of the ligand binding pocket. In the absence of tetracycline, the alternative exon (alt ex) is included into 

the coding region of the gene of interest. The aptamer sequence remains part of the intron. In the presence of 

tetracycline (Tet, purple oval) the 5´-SS is masked, the alternative exon is skipped and the functional protein is 

translated. B Luciferase activity measurement of splicing constructs. The ratios between the firefly and Renilla 

luciferase are shown relative to the respective control (psi) without (light-grey) or with (dark-grey) 50 µM tetracy-

cline which was set to 100 %. Numbers above the bars indicate the dynamic range of regulation for each con-

struct. Tet1A9U represents construct Tet1 but with a binding-deficient tetracycline aptamer. Error bars represent 

the standard deviation of the mean values of three biological replicates. Corresponding sequences of the closing 

stem P1 and the respective ΔG free energy are depicted underneath the graph. C Dose-dependent luciferase 

activity of the construct Tet1. Error bars represent the standard deviation of the mean values of biological tripli-

cates. alt ex, alternative exon; SSup, splice site upstream of tetracycline binding pocket 

 

To further improve the background and expression levels of the system, the P1 stem of the 

aptamer was flipped and the splice site was placed downstream of the aptamer binding pocket. 

In this approach, alternative splicing leaves the aptamer spliced into the coding region as part 

of the alternative exon instead of the second intron. Given that the used intron sequences have 

a GC content of only ~35 % and are therefore comparably unstructured, we hypothesized that 

highly structured RNA motifs like the tetracycline aptamer might additionally interfere with 

the splicing process due to steric hindrance (167). As we aimed for switches with a very tight 
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off-state, we assumed the adjusted design would enhance the level of alternative splicing 

events. To maintain the overall stability of the aptamer stem, we first kept the connection se-

quences between the 5´-SS and the aptamer of Tet1 and Tet2 and placed the 5´-SS down-

stream of the communication modules to create the constructs Tet3 and Tet4 (Figure 27). 

 

 

Figure 27 Tetracycline-induced exon skipping: aptamer as part of alternative exon. A Schematic represen-

tation of tetracycline-induced exon skipping. The 5´-SS is placed into the closing stem of the tetracycline aptamer 

downstream of the ligand binding pocket. In the absence of tetracycline, the alternative exon is included into the 

coding region of the gene of interest. The aptamer sequence remains part of the exon. In the presence of tetracy-

cline (Tet, purple oval) the 5´-SS is masked, the alternative exon is skipped and the functional protein is translat-

ed. B Luciferase activity measurement of splicing constructs. The ratios between the firefly and Renilla luciferase 

are shown relative to the respective control (psi) without (light-grey) or with (dark-grey) 50 µM tetracycline which 

was set to 100 %. Numbers above the bars indicate the dynamic range of regulation for each construct. Error bars 

represent the standard deviation of the mean values of three biological replicates. Corresponding sequences of 

the closing stem P1 are depicted underneath the graph. C and D Dose-dependent luciferase activity of the con-

structs Tet3 and Tet9. Error bars represent the standard deviation of the mean values of biological triplicates. alt 

ex, alternative exon; SSdw, splice site downstream of tetracycline binding pocket 

 

Tet3 shows an even lower background expression than Tet1 and an increased dynamic range 

of the switch (14.3-fold induction). The Tet4 construct on the other hand lost its switching 

ability and the 5´-SS is not addressed in either condition. With the aptamer sequence as part of 

the alternative exon, we changed the sequence at the Exon|Intron intersection. We analyzed 

the generated sequences using the Human Splicing Finder 3.1 (168,169). Sequence analysis 
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revealed the formation of an exonic splicing silencer element (ESS: AGGC|Intron) in Tet4 

that diminishes inclusion of the alternative exon (170,171). Thus, further constructs (Tet5-9) 

were then designed with an AG|GUAAUGU Exon|Intron intersection to avoid generating 

potent ESS elements. The design of Tet5 shows that the improved sequence leads to de-

creased protein expression in the absence of tetracycline and expression can be induced 6-fold 

in its presence (Figure 27B). Assuming the now favored splice site results in more alternative 

splicing events, we subsequently stabilized the closing stem P1 by adding additional base 

pairs upstream and downstream of the splice site. While the stem stability of Tet5 (ΔG = -12.9 

kcal/mol) is comparable with that of Tet3, the stem stabilities of the constructs Tet6-Tet9 are 

increased (ΔG ranges from -13.9 to -19.9 kcal/mol). Only the most stable variant Tet9 shows 

elevated luciferase activity in presence of tetracycline compared to Tet3. Even more stabilized 

stem structures might further increase the overall expression in the inducted state but might in 

addition increase the background expression. To prove that also in this approach, the changes 

in luciferase activity are a direct consequence of tetracycline binding to the aptamer, a bind-

ing-deficient variant of Tet3 (Tet3A9U) was tested. No difference in gene expression could be 

observed in the absence or presence of tetracycline (Figure 27B). 

All constructs with the SS placed downstream of the tetracycline binding pocket show very 

low background expression and exhibit robust tetracycline-dependent induction of exon skip-

ping. Tet9 performed best with a 16.1-fold increase of reporter gene expression. Testing for 

dose-dependency shows that even higher protein expression might be possible with tetracy-

cline concentrations above 100 µM. The presented dataset shows that exon skipping can also 

take place with the aptamer structure as part of the alternative exon sequence and thereby 

opens up additional flexibility in choosing alternative exon sequences.  

 

Placing the 5´-SS downstream of the aptamer binding pocket and thus leaving the aptamer as 

part of the alternative exon raises the possibility to not only use the tetracycline aptamer for 

ligand-induced conformational change but in addition as an element that is able to fulfill the 

function of the alternative exon containing the NMD tag.  

Thus, in a third approach and in order to further optimize the design, we aimed to keep the 

sequence inserted into the gene of interest as short as possible. We envisioned that the ap-

tamer alone without an additional exon should be sufficient to regulate gene expression. Rec-

ognizing a stop codon (UAA) within the junction site of P1, P2, and P3 of the aptamer, we 

reasoned that the presence of the UAA trinucleotide should be sufficient to repress gene ex-

pression if it is placed in frame with the luciferase-encoding ORF. The stem lengths of the 
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constructs Tet3 (9 nt) and Tet9 (12 nt) allowed to use the UAA as in frame stop codon and 

were used to remove the alternative exon to create the splicing devices Tet10 and Tet11. The 

aptamer itself now embodies the alternative exon with a premature termination codon (PTC) 

(Figure 28). 

 

 

Figure 28 Tetracycline aptamer as alternative exon. A Schematic representation of tetracycline-induced exon 

skipping with the aptamer sequence harboring an in-frame stop codon (red hexagon). In the absence of tetracy-

cline, the aptamer sequence is spliced into the coding region whereas in its presence, the 5´-SS is masked and 

the aptamer is skipped. B and C Sequences of the Tet10 and Tet11 constructs. The in-frame stop codon is high-

lighted by a red hexagon and the 5´-SS is shown in green. D Luciferase activity measurement of the respective 

constructs. The ratios between the firefly and Renilla luciferase are shown relative to the respective control (psi) 

without (light-grey) or with (dark-grey) 50 µM tetracycline which was set to 100 %. Numbers above the bars indi-

cate the dynamic range of regulation for each construct. Error bars represent the standard deviation of the mean 

values of biological triplicates. E and F Dose-dependent luciferase activity of the constructs Tet10 and Tet11. 

Error bars represent the standard deviation of the mean values of three biological replicates. 

 

Both constructs exhibit exon skipping activity in the presence of tetracycline. Tet10 shows a 

rather strong background expression and a 3-fold induction of luciferase activity which reach-

es close to 100 % relative luciferase expression. Although Tet10 displays one of the weakest 

performances of the designed switches regarding the dynamic range, it is nevertheless re-

markable with regard to the absolute expression level in the presence of tetracycline. Such 

constructs could be of interest for applications where high protein levels are necessary to exert 

an effect and the considerably high background expression in the non-induced state is not of 

concern. The second construct Tet11 harboring a PTC in the aptamer sequence is character-

ized by a more stable stem structure containing the 5´-SS. It shows reduced overall expression 
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and an induction of 7.5-fold in the presence of tetracycline with a performance similar to 

Tet1. As already observed with Tet10, also the Tet11 construct induces an overall higher ex-

pression level compared to Tet3 and Tet9, respectively. It has been found, that the distance 

between the PTC and the poly(A) tail has great impact on mRNA degradation via NMD (46). 

Additionally, the distance between the PTC and the downstream exon junction complex could 

have an impact on correct PTC recognition. These would be additional explanations for the 

low background levels in our second approach. With the alternative exon containing the PTC 

and the additional aptamer sequence, the distance between the PTC and the poly(A) tail and 

exon junction complex is increased which would promote NMD. Interestingly, the switches 

Tet10 and Tet11 seem to be more sensitive towards tetracycline and reach a high level of 

functional protein expression already at 25 µM tetracycline (Figure 28E and F). This may be 

explained by the unstructured intron regions flanking the aptamer, thereby facilitating correct 

folding of the aptamer structure. 

 

All of the presented approaches show strong gene regulation on protein level. To verify that 

the presented changes in luciferase activity are a direct consequence of changes on the mRNA 

level, RT-PCR was performed for the switches Tet1, Tet3 and Tet10 to test for differently 

spliced variants of hluc+ (Figure 29). The different constructs show bands for the functional 

mRNA as well as for the alternatively spliced variants with differences in intensity in the ab-

sence or presence of tetracycline. Skipping of the alternative exon can be visualized by band 

at 150 nt, which is also the only band detected for the psi control. Intensity of this band, indi-

cating the functional mRNA, is increased in the presence of tetracycline for all presented 

switches. No visible difference in band intensities can be observed for the psi and splice con-

trol as well as for the inactivated variant of Tet1 (Tet1A9U). The splice control, Tet1 and 

Tet1A9U show additional unspecific bands which were also observed with the use of different 

primer pairs. These bands do not correlate with the size of the introns which may not be com-

pletely spliced out, neither could additional primer binding sites be identified. Due to these 

unspecific bands, we chose primer pairs that bind to the coding sequence prior to the splicing 

cassette on hluc+ for qPCR analysis. We compared the overall mRNA levels of cells treated 

with or without tetracycline in relation to the mRNA levels of cells transfected with the psi 

positive control. Renilla luciferase mRNA was used as internal control. Due to the encoded 

NMD tag in the alternative exon, alternatively spliced mRNAs should be degraded. Thus, the 

absence of tetracycline should lead to lower hluc+ mRNA levels in the aptamer-containing 

constructs.  
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Compared to the psi control, the splice variant shows a 2-fold reduction in mRNA levels of 

hluc+ in the presence and absence of tetracycline (Figure 29B). For Tet1 and Tet10, mRNA 

levels increase in the presence of tetracycline whereas only minor differences are seen for 

Tet3 and Tet1A9U.  

In general, the relative mRNA abundance is comparatively high with regard to the psi control. 

With the splice construct showing no luciferase activity on protein level but the mRNA levels 

only reduced 2-fold, the data indicate that some mRNA escapes the NDM pathway but never-

theless is not translated into a functional protein due to the premature stop codon. 

 

 

Figure 29 Changes in mRNA level of tetracycline-dependent splicing constructs. A HeLa cells were transi-

ently transfected with the indicated constructs and cultivated in the presence or absence of 50 µM tetracycline for 

24 h. Total RNA was prepared and used for RT-PCR with primer pairs binding to both exons of hluc+ as indicated 

on the right. The grey part represents the alternative exon and/or the aptamer sequence. psi: original vector w/o 

splicing cassette, splice: control construct with the splicing cassette but without aptamer, Tet1A9U: binding defi-

cient variant of Tet1. B Relative abundance of hluc+ mRNA. HeLa cells were transiently transfected with the indi-

cated constructs and cultivated in the presence or absence of 50 µM tetracycline for 24 h. Total RNA was pre-

pared, reverse transcribed and cDNA was used for qPCR analysis. Relative mRNA abundance is shown relative 

to the respective psi control without (light-grey) or with (dark-grey) 50 µM tetracycline. Error bars show the stand-

ard deviation of three independent experiments measured in duplicates. Primer biding sites for qPCR are sche-

matically depicted on the right.  

 

Each of the three presented designs for tetracycline-dependent alternative splicing revealed 

potent switches for conditional protein expression. Given the differences in background ex-

pression and induced protein levels, three constructs (Tet1, Tet3 and Tet10) were chosen to be 

tested for gene regulatory activity in C. elegans. 
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5.2.3. Splicing-based RNA switches for tetracycline-inducible gene expression in 

C. elegans 

The splicing constructs Tet1, Tet3, and Tet10 each present different variations of our design 

and show great differences in their dynamic ranges and the overall expression levels. They 

were therefore considered to be promising candidates for induction of gene expression in 

C. elegans and we explored the transferability of the system into this multicellular organism. 

Various studies suggest that the basic mechanism for PTC recognition is conserved in Sac-

charomyces cerevisiae, Drosophila melanogaster, C. elegans, plants, and mammals and vari-

ous NMD factors were found in C. elegans (46). Thus, we hypothesized that our system for 

gene regulation is transferrable to this model organism. In general, C. elegans is an intron-rich 

organism. These introns differ greatly from human introns in size with 56 % of C. elegans 

introns being smaller than 100 nt while the introns used in HeLa cells exceeded 250 nt (172). 

We transferred our system to an mCherry reporter gene containing short introns driven by the 

strong and ubiquitous αNAC promotor. The reporter gene consists of four exons and three 

synthetic introns each having a length of 51 nt (Figure 30A). The splicing constructs Tet1 and 

Tet3 containing the alternative exon and Tet10 harboring the PTC within the aptamer se-

quence were placed downstream of the first mCherry intron. An additional intron of 51 nt was 

inserted downstream of the aptamer to create the respective splicing systems CeTet1, CeTet3 

and CeTet10 analogous to their counterparts in human cell culture experiments. Transgenic 

strains were generated carrying the different mCherry constructs along with a ubiquitously 

expressed GFP co-marker. Worms constitutively expressing mCherry served as control ani-

mals to rule out unspecific effects of tetracycline. An additional “splice” control was used 

consisting of the alternative exon and the additional intron with its 5´-SS not masked by an 

aptamer (analogous to the “splice” control in HeLa cells). After incubation of transgenic 

worms with or without 10 µM tetracycline for three days from hatch till adulthood, 5 respec-

tive animals were picked and the mCherry expression was monitored by fluorescence micros-

copy (Figure 30B). Worms carrying the splice construct show no detectable mCherry expres-

sion in presence or absence of tetracycline, demonstrating the tight control that is possible 

with our system. CeTet1, carrying the 5´-SS upstream of the tetracycline binding pocket, 

shows strong mCherry expression in both conditions, suggesting that the alternative exon is 

always skipped and gene expression occurs constitutively.  
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Figure 30 Tetracycline-induced gene expression in C. elegans A Schematic presentation of the used mCher-

ry construct. mCherry is expressed using the αNac promotor and 3´-UTR. The coding region is split in 4 exons 

interspersed by 3 introns with a length of 51 nucleotides (nt). The splicing cassette consisting of the alternative 

exon and/or the aptamer with a premature stop codon and an additional intron (51 nt) is inserted downstream of 

the first intron. B Fluorescent images of transgenic worms carrying different splicing constructs. For each con-

struct a stack of 5 worms is shown. Animals are grown in the absence or presence of tetracycline for 3 days from 

hatch until adulthood. Transgenic animals were chosen using the GFP body label. C Western blot analysis of 

mCherry expression is shown in worms carrying different splicing constructs grown in the absence and presence 

of 10 µM tetracycline. D Fluorescent images of transgenic worms expressing stretches of 25 glutamines 

(Htt25Q::GFP) or 103 glutamines (Htt103Q::GFP). Transgenic animals were grown in the presence or absence of 

10 µM tetracycline for 3 days from hatch until adulthood. Ex, exon; Tet, tetracycline; BF, bright field; mCh, mCher-

ry; 

 

In contrast, CeTet3 and CeTet10 show strong expression in the presence of tetracycline while 

no mCherry expression is visible in its absence. Given the short introns used in the reporter 

construct, the greatly structured aptamer sequence might interfere with recognition of im-

portant sequence elements and structures of the intron. This would explain the constant 

mCherry expression in CeTet1. With the aptamer as part of the alternative exon on the other 

hand, the 5´-SS seems to be well addressed. In order to confirm the results obtained via fluo-

rescence imaging, western blot analysis was performed (Martin Gamerdinger, Deuerling 
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group, University of Konstanz), proving the regulatory effect of the inserted constructs on 

mCherry expression (Figure 30C). CeTet3 shows very strong induction of mCherry expres-

sion while no background expression is visible. CeTet10 also shows strong induction but 

some background expression remains. 

Given the tight regulation that is possible with CeTet3, this construct was then used to induce 

GFP-tagged polyQ stretches which can be used for the development of Huntington’s disease 

models. To compare the newly introduced system with the presented aptazyme switches, ag-

gregation-prone, non-soluble stretches of 103Q were induced to monitor aggregate formation 

while strains expressing a soluble 25Q stretch were used as control. A vector expressing 

Htt103Q::GFP fusion proteins was kindly provided by the Deuerling group (University of 

Konstanz). The first intron, the alternative exon, aptamer sequence and the additional intron 

used in the mCherry reporter gene were inserted 27 nt downstream of the start codon of the 

Htt gene exon 1. CeTet3 again shows a very tight off-state in the absence of tetracycline (Fig-

ure 30D). In its presence, the induction of Htt25Q::GFP shows evenly distributed GFP ex-

pression and induction of 103Q stretches is strong enough to show visible aggregate for-

mation.  

Given the small sequence that has to be inserted to render the expression of the presented 

genes ligand-dependent and the small, non-toxic molecule used, these switches expand the 

toolbox for conditional gene induction in C. elegans. With the very low background expres-

sion and strong induction in the presence of tetracycline, these splicing-based RNA switches 

hold great promise for further applications not only in C. elegans but also in different animal 

models.  

 

 

5.3. Conclusion 

In the first part of this chapter, a tetracycline-dependent hammerhead ribozyme type 3 was 

investigated for its ability to regulate gene expression in C. elegans. Toxicity tests showed 

that a tetracycline concentration of 10 µM induces no defect in development, brood size or 

thermo-tolerance and is well suited for applications in vivo. The K4 tetracycline-sensing 

aptazyme developed by the Süß group has the benefit of its simplicity and being placed in the 

3´-UTR of a gene of interest, it renders its expression ligand-dependent (147). In the ligand 

unbound state, the active ribozyme undergoes self-cleavage which leads to mRNA decay. In 

the presence of tetracycline, the ribozyme is kept in its inactive conformation and protein ex-
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pression can occur. In this study the K4 aptazyme was used for the regulation of mCherry as 

reporter gene as well as for the induction of polyQ proteins (104). C. elegans disease models 

could be generated by ubiquitous or pan-neural expression of Htt109Q::mCherry fusion pro-

teins. The generated strains show characteristic phenotypes in the presence of tetracycline. 

Early paralysis of worms could be triggered in strains ubiquitously expressing 

Htt109Q::mCherry with the use of natural promotors. The switching performance of the K4 

aptazyme in C. elegans is comparable to those observed in other eukaryotic model systems 

like human cells (104,147). Nevertheless, depending on the biological question asked a higher 

switching efficiency might be necessary in C. elegans. Integrating additional ligand-sensing 

domains or inserting aptazymes in tandem may improve switching performance.  

 

In the second part of this chapter we introduced an improved system for aptamer-regulated 

gene expression in HeLa cells and C. elegans. The presented system relies on aptamer-based 

control of alternative splicing. Given the broad distribution of alternative splicing across many 

eukaryotic species, we created artificial riboswitches based on an exon skipping mechanism 

for conditional control of gene expression.  

We developed RNA switches which regulate the insertion of an NMD-tagged alternative exon 

in HeLa cells and could transfer the most promising switches for use in C. elegans. For this, 

the closing stem P1 of the tetracycline aptamer was used to sequester the 5´-SS of the second 

intron. In its loose, ligand-unbound state, the 5´-SS is accessible and the alternative exon, 

which harbors a PTC, is included into the coding sequence. In presence of tetracycline the 5´-

SS is masked, the alternative exon is skipped and the functional, full-length protein is trans-

lated. We could show that varying the position of the aptamer and the stability of stem P1 

allows for fine-tuning of expression levels by rational design. The designed constructs that 

exhibit exon skipping activity differ greatly regarding their dynamic range (2.7-16.1 fold) and 

the induced protein expression level. The aptamer sequence as part of the intron, as seen in 

constructs Tet1 and Tet2, leads to higher expression levels than in the constructs Tet3-Tet9, 

where the aptamer is part of the alternative exon and spliced into the coding region. The re-

moval of the alternative exon and usage of an in-frame stop codon within the aptamer (con-

structs Tet10 and Tet11) increased protein expression in comparison to the constructs carrying 

the alternative exon. With each design the expressed protein levels can be fine-tuned in a 

dose-dependent manner. This broadens the range of applications for these switches. It opens 

the possibility to use variations of the system in specific applications differing in their needs 

of absolute protein levels. Compared to related systems earlier developed by the Süß group, 
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the presented RNA switches show superior dynamic ranges. The Süß group used the tetracy-

cline-binding aptamer to mask the 3´-SS of an intron and was able to induce gene expression 

7-fold in different genetic contexts in mammalian cells (99). 

We further demonstrated the transfer of our system to the multicellular organism C. elegans 

with a strong induction of protein expression in the presence of 10 µM tetracycline. We could 

show in the first chapter that using tetracycline as ligand and the ubiquitous αNAC promotor 

allow for gene induction in all somatic tissues of the worm including muscles and neurons 

(104). The presented splicing-based constructs also allow for reporter gene expression and 

induction of visible polyQ aggregates. Thus, the presented splicing-based system can be used 

for further generation of disease models. With these additional switches we could expand the 

toolbox of genetic devices for this important model organism with a switch that allows to 

work with minor background expression and strong protein induction.  

Taken together, we present RNA-based gene regulatory devices that function robustly and 

efficiently in two distantly related eukaryotic species. No additional proteins need to be ex-

pressed which minimizes off-target effects. With the given sizes the presented constructs 

leave a small genetic footprint, are easy to apply, and use a well-tolerated ligand. 
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6. Conclusion and future prospects of artificial 

riboswitches 

 

Model organisms and in vitro cellular systems are used to study fundamental biological pro-

cesses but also to investigate principles of human diseases. To achieve this goal, genes often 

need to be knocked-down or be overexpressed. This knockdown or overexpression of certain 

genes, however, often leads to unwanted side-effects or even lethality. Temporal and spatial 

control of gene expression is therefore necessary to avoid side-effects in non-targeted tissues 

and further diminish negative influences on the development of the organism. Hence, re-

searchers constantly improve finely tunable engineered systems for the control of transgene 

expression which hold great promise also in future therapeutic applications. 

In many cases, synthetic genetic control elements rely on the use of conditional promotors and 

regulatory proteins which often show leaky basal expression and high species specificities (4). 

They come with the necessity to introduce additional regulatory proteins that need to be ex-

pressed at defined levels in order to exert the required control (4). Moreover, they pose the 

risk of immunogenic reactions towards the used protein factors. The utilization of artificial 

riboswitches to regulate gene expression on an RNA level overcomes these limitations of 

transcription factor-based systems, as presented in this study. The direct interaction of RNA 

with a small-molecule ligand allows for tissue-specific gene regulation with highly reduced 

off-target effects in a variety of systems (94).  

However, one major bottleneck in the development of artificial aptamer-based gene regulators 

is the still rather low number of in vivo functional aptamer-ligand pairs. Not all in vitro-

selected aptamers undergo sufficient conformational change upon ligand binding to modulate 

downstream gene expression in vivo. Only recently, the Süß group introduced “Capture 

SELEX” to combine screening for high affinity with sufficient conformational change (107). 

They use a defined “docking sequence” that is introduced into the randomized RNA pool. 

This sequence is used for immobilization and subsequent elution with the designated ligand 

only occurs after severe re-folding of the RNA. The conformational change upon ligand bind-

ing thereby allows for liberation from the docking sequence. With this approach, the Süß 

group was able to identify a paromomycin-sensing aptamer that could be used for gene regu-

lation in yeast (173). This coupled sequence-activity approach holds great potential for future 

identification of potent aptamer ligand pairs which can be applied for gene regulation in dif-

ferent organisms. 



CONCLUSION 

74 

 

However, the functional aptamer alone is usually not sufficient to generate a potent ri-

boswitch. The connection of the aptamer to the expression platform poses an additional chal-

lenge. While the selection of suitable communication modules in bacteria or yeast can be 

achieved via effective and low-cost screening approaches, they proved in many cases not to 

be transferable to human cell systems (108,109,174). In order to efficiently identify ri-

boswitches that are functional in vivo, just recently, NGS-based screening methods were in-

troduced that allow sampling of large libraries of potential riboswitches in mammalian cells 

(110,111). Nevertheless, the development of robust RNA-based systems for controlling gene 

expression that can be optimized easily based on rational designs and testing of relatively few 

sequence variants remains of high importance. The K4 aptazyme used in this study for the 

development of a Huntington’s disease model was developed based on a rational design by 

the Süß group (147). The directed changes of single nucleotides were thereby sufficient to 

discover aptazyme sequences which allowed for the regulation of gene expression in mamma-

lian cells. Also the Farzan group was able to identify potent aptazymes based on assigned 

hydrogen bond stacking scores (98). In addition, the Süß group presented the tetracycline ap-

tamer in splicing-based RNA switches which showed gene regulatory activity in four different 

genetic contexts in mammalian cells (99). These switches were also developed by rational 

design. While these splicing-based constructs still lack a great dynamic range, the transfer of 

these switches to regulate the expression of different genes in mammalian cells gives a first 

hint of the transferability of this design.   

In this regard, our introduced system that relies on aptamer-based control of alternative splic-

ing presents a significant step towards the goal of developing universally applicable, efficient, 

and robust genetic switches for conditional regulation of gene expression. We have focused 

on the sequestration of the 5´-SS of an engineered intron-alternative exon-intron system to 

control its accessibility to important splicing factors. The 5´-SS of the second intron is includ-

ed into the closing stem P1 of the tetracycline aptamer. In the ligand-unbound state, the SS is 

accessible and the alternative exon, which harbors an NMD-tag, is included into the coding 

sequence of the target gene. In presence of tetracycline the 5´-SS is masked, the alternative 

exon is skipped, and the functional, full-length protein is translated. Thereby, different ver-

sions of the aptamer stem allow for fine-tuning of expression levels. The designed constructs 

that exhibit exon skipping activity differ greatly regarding their dynamic range and the protein 

expression level. In each of the presented designs a dose-dependent induction of protein ex-

pression is possible. Taken together, these features broaden the range of applications for these 

switches since it opens the possibility to use variations of the system in specific applications 



  CONCLUSION 

75 

 

differing in their needs of absolute protein levels. The transfer of the system to the multicellu-

lar organism C. elegans shows the high modularity and easy applicability of the developed 

synthetic riboswitches. The induction of protein expression in C. elegans even exceeded the 

levels measured in HeLa cells which allows for a variety of applications.  

The presented designs work with human as well as with C. elegans intron sequences at rea-

sonable tetracycline concentrations. This supports the findings of the Süß group which were 

able to transfer their splicing-based systems into different genetic contexts in mammalian 

cells (99). It is therefore anticipated that the presented system can be utilized to a large extent 

independently of the used exon and intron sequences and could be applied in other, more 

complex, animal models such as mice. In this regard, first studies show that riboswitches can 

in principle be employed for gene regulation in mice (98,154,175). The small coding space 

needed render synthetic riboswitches particularly beneficial in vectors with limited space, 

such as the widely used adeno-associated viral (AAV) vectors with only 5 kb space for 

transgene expression and potential regulatory systems (176). In a recent study, Strobel et al. 

investigated a tetracycline-sensing aptazyme for conditional induction of viral vector-

mediated gene expression in mice. They reported that the used K19 aptazyme shows even 

stronger regulatory activity in different mouse cells and organs than in the original context in 

HeLa cells (175). This is in line with our observation of the splicing-based RNA switch in-

ducing protein expression to a higher degree in C. elegans than it does in HeLa cells. The sys-

tematic assessment of ligand and reporter protein plasma levels in the study of Strobel et al. 

further enabled the characterization of pharmacokinetic-pharmacodynamic relationships of a 

tetracycline-sensitive synthetic riboswitch for the first time (175).  

Another approach towards the application of engineered RNA switches in a clinical context 

was presented by the Smolke group. They used (6R)-folinic acid ((6R)-FA), the biologically 

inactive diastereomer of the FDA-approved pharmaceutical drug leucovorin (177). Leuco-

vorin is readily available and safe for prolonged administration in clinical settings. They inte-

grated an aptamer sensing (6R)-FA into a miRNA which targets the cytokine receptor subu-

nits (IL-2Rβ and γc). These subunits mediate several signaling pathways in T cells. With a 

rational design approach they were able to develop gene switches which suppressed T cell 

proliferation 100-fold when using multiple copies of their RNA switch (177).  

The mentioned work focusing on therapeutic applications are complemented by other ap-

proaches like riboswitch regulated gene editing using CRISPR/Cas. Studies have been pub-

lished with aptamer-mediated occlusion of the gene targeting sequence within the sgRNA 

(178-180). This way, precise gene targeting becomes ligand-dependent.  



CONCLUSION 

76 

 

Together, these studies are the first step towards the use of synthetic riboswitches in clinical 

and gene therapeutic applications. However, some important questions still need to be an-

swered. For example, to what extent inherent differences in transcriptional activity and 

mRNA degradation processes in different cell types and organs have an impact on the per-

formance of the used riboswitches. As vast differences in gene regulation could be observed 

when transferring a switch designed in mammalian cells to a mouse model and also to C. ele-

gans, the system needs to be adjusted for each application (175). The necessary subsequent 

question would be, whether well-designed combinations of a developed RNA-switch with 

efficient, tissue- or cell-specific promoters and ligands can overcome the arising obstacles.  

In any case, as molecular and cellular therapies advance in clinical research, the role of direct 

genetic regulation is becoming increasingly important to control therapeutic potency and safe-

ty. Most certainly, the simplicity of the presented systems together with ongoing advances in 

the field will further increase the value of artificial riboswitches in synthetic biology and ther-

apeutic applications in the near future. 
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7. Materials and Methods 

Media, buffers and solutions 

Table 1 List of used media, buffers and solutions 

Name 

 
Composition 

1 M K-citrate 20 g/L citric acid monohydrate, 293.5 g/L tri-
potassium-citrate-monohydrate, adjust to pH 6.0 

5x MOPS running buffer 250 mM MOPS, 250 mM Tris, 5mM EDTA, 
0.5% (v/v) SDS 

1x PBS (pH 7.4) 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 x 
2H2O, 1.47 mM KH2PO4 

2x SDS lysis buffer 
 

125 mM Tris (pH 6.8), 2 mM EDTA (pH 8.0), 
4% (w/v) SDS, 20% (w/v) sucrose 

5x SDS loading buffer 255 mM Tris/HCl (pH 6.8), 12.5 mM EDTA (pH 
8.0), 715 mM β-mercaptoethanol, 5% (w/v) 
SDS, 42.5% (v/v) glycerol, 0.35% (w/v) 
bromphenolblue 

5x TBE buffer (pH 8.3) 54 g/L Tris base, 27.5 g/L boric acid, 10 mM 
EDTA 

10x TBS-T 
 

100 mM Tris/HCl (pH 8.0), 1.5 M NaCl, 5% 
(v/v) Tween® S20 

10x WB-T buffer 
 

25 mM Tris, 192 mM glycine, 0.02% (v/v) SDS, 
20% (v/v) methanol 

1x WB buffer 10% (v/v) 10x WB buffer, 20% (v/v) methanol, 
70% (v/v) ddH2O 

ECL (enhanced chemiluminescence) solution  
 

Solution A: 0.1 M Tris HCl (pH 8.6), 0.25 
mg/mL luminol 
Solution B: 1.1 mg/mL p-cumaric acid in DMSO 
Solution C: 30% (v/v) H2O2 
Mix solutions A, B and C in 100:10:1 ratio prior 
to use 

Full medium 10% (v/v) fetal calf serum, 1% (v/v) streptomy-
cin/penicillin in Gibco DMEM 

LB medium 5 g/L NaCl, 5 g/L yeast extract, 10 g/L tryptone, 
pH 7.0 

LB-Carb LB medium, 100 µg/mL carbenicilline 
Brain Heart Infusion (BHI) medium (Sigma Aldrich/Merck) 37.5 g/L 
BHI-Ery BHI medium 

10 µg/ml Erythromycine 
M9 buffer (C. elegans culturing) 42 mM Na2HPO4 x 2 H20, 37 mM KH2PO4, 86 

mM NaCl, 1 mM MgSO4 
Nematode growth medium (NGM) agar (± pep-
tone) 

2 % (w/v) agar-agar bacteriological (Roth), 
±0.25% (w/v) BactoTM peptone BD, 0.3% (w/v) 
NaCl, 1 mM CaCl2, 5 µg/mL cholesterol 25 mM 
KPO4 (pH 6.0) 1 mM MgSO4 

S-basal 5.85 g/L NaCl, 1 g/L K2HPO4, 6 g/L KH2PO4, 5 
µg/mL 
Cholesterol 

S-buffer 6.4 mM K2HPO4, 43.55 mM KH2PO4, 0.1 M 
NaCl 
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S-buffer+ S- buffer with 30% (v/v) glycerol 
S-medium 1 L S- basal, 10 mL K-Citrate (1 M, pH 6), 10 

mL 
Trace metal solution, 3 mM CaCl2, 3 mM MgSO4 

Separation gel (10%) for bis-Tris gels 
 

38% (v/v) ddH2O, 29% (v/v) 1.25 M bis-Tris pH 
6.6, 
33% (v/v) acrylamide/bis-acrylamide (37.5:1), 
0.7% (v/v) APS, 0.2% (v/v) TEMED 

Stacking gel for bis-Tris gels 
 

57% (v/v) ddH2O, 29% (v/v) 1.25 M bis-Tris pH 
6.6, 
13.3% acrylamide(bis-acrylamide (37.5:1), 0.6% 
(v/v) APS, 0.3% (v/v) TEMED 

SOC (super optimal broth with catabolite 
repression) medium 

2% (w/v) tryptone, 0.5% yeast extract, 0.05% 
(w/v) NaCl, 10 mM MgCl2, 10 mM 
MgSO4 x 7 H2O, 20 mM glucose 

Trace metal solution 1.86 g/L Na2-EDTA, 0.69 g/L FeSO4 x 7H2O, 0.2 
g/L 
MnCl2 x 4 H2O, 0.29 g/L ZnSO4 x 7 H2O, 0.025 
g/L 
CuSO4 x 5 H2O 

 

Enzymes and buffers 

Table 2 List of used enzymes and reaction buffers 

Name 

 
Company 

Phusion Hot Start II DNA polymerase New England Biolabs 
Q5 High-Fidelity DNA Polymerase New England Biolabs 
Shrimp Alkaline Phosphatase (rSAP) New England Biolabs 
Quick Ligase New England Biolabs 
DpnI New England Biolabs 
ApaI New England Biolabs 
NotI HF New England Biolabs 
XbaI New England Biolabs 
XhoI New England Biolabs 
Gibson Assembly® Master Mix New England Biolabs 
5x HF-buffer Fisher Scientific 
5x GC buffer Fisher Scientific 
5X Q5 Reaction Buffer New England Biolabs 
10x CutSmart® Buffer New England Biolabs 
2x Quick Ligase Reaction Buffer New England Biolabs 
DNase I Thermo ScientificTM 
 

Antibodies 

Table 3 Antibodies for western blot 

Name 
 

Company 

Anti-mCherry monoclonal mouse Novus Biological (NBP1-96752) 
Anti-actin monoclonal mouse Santa Cruz (sc-47778) 
Anti-mouse-IgG monoclonal Dianova GmbH 
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Chemicals 

Table 4 Used chemicals 

Name 
 

Company 

Carbenicillin Roth 
Erythromycin Cayman Chemical 
Neomycin sulfate Roth 
Streptomycin/Penicillin (10000 U/mL) Fisher Scientific 
Tetracycline Sigma Aldrich (Merck) 
Guanosine Roth 
Levamisole hydrochloride Sigma Aldrich 
dNTPs Fermentas 
Oligonucleotides Sigma Aldrich 
Lipofectamine™ 3000/P3000™ Fisher Scientific 
Gibco Dulbecco's Modified Eagle Medium 
(DMEM) 

Fisher Scientific 

Fetal calf serum (FCS) Fisher Scientific 
Opti-Mem® Fisher Scientific 
Midori Green Advanced Nippon Genetics Europe 
6x Gel Loading Dye New England Biolabs 
Gene RulerDNA ladder (100bp, 1kb) Fisher Scientific 
50x protease inhibitor cocktail Roche 
Bis-Tris Roth 
Agar-Agar, BioScience, granulated Roth 
Agar-Agar, bacteriological Roth 
Agarose Standard Roth 
Agarose GTQ Roth 
Sucrose Merck 
Glycerol VWR 
Resazurin sodium salt Sigma Aldrich (Merck) 
 

Kits 

Table 5 Biological kits 

Name 
 

Company 

Zymo DNA Clean & Concentrator™ Kit Zymo Research 
Zymoclean™ Gel DNA Recovery Kit Zymo Research 
Zyppy™ Plasmid MiniPrep Kit Zymo Research 
QIAprep Spin ® Miniprep Kit Qiagen 
Dual-Luciferase® Reporter Assay System Promega 
Westar Supernova ECL substrate Cyanagen 
Quick-RNA™ Miniprep Kit  Zymo Research 
RNA Clean & Concentrator-100 Zymo Research 
High Capacity cDNA Reverse Transcription 
Kit  

Applied Biosystems 

GoTaq® qPCR Master Mix  Promega 
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Equipment 

Table 6 Gadgets and equipment 

Name 
 

Company 

FUSION Solo S Imager  Vilber 
Electroporator 2510 Eppendorf 
Gene Pulser Xcell Electroporation Systems BioRad 
Ecotron Incubation Shaker Infors HAT 
Inkubator 1000 Titramax 1000 Heidolph 
Thermocylcer Biometra 
Agarose gel electrophoresis systems BioRad 
Gel documentation device Biometra GelDoc Biometra 
Spark® multimode microplate reader Tecan 
Nanodrop plate Tecan NanoQuant Tecan 
P-87 micropipette Puller Sutter Instrument Co. 
Laboratory Pipettes Eppendorf 
Table top centrifuge mini spin Eppendorf 
Bright-field microscope Olympus SZ51 
Fluorescence microscope Leica DM 5500B Leica 
Fluorescence microscope Leica MZ10 F Leica 
CCD-Microscope Camera DFC 365 FX Leica 
Micromanipulator Bachofer 
Gene pulser Bio Rad 
CFX Connect Real-Time PCR Detection Sys-
tem 

Bio Rad 

 

Disposables 

Table 7 Disposables 

Name 
 

Company 

Reaction tubes (1.5, 2 mL) Sarstedt 
PCR tubes Thermo Scientific 
Falcon tubes (15, 50 mL) BD Biosciences 
96-well plates flat bottom transparent 
polystyrene 

BD Biosciences 

96- well micro-titer plates, half-area, black 
polystyrene 

Costar 

96 deep well plates Sarstedt 
Pipette tips (10, 200, 1000 μL) Sarstedt 
Electroporation cuvettes 1 mm Roth 
Electroporation cuvettes 2 mm Roth 
Drigalski spatula VWR 
Petri dishes Sarstedt 
Syringes Henke Sass Wolf 
Sterilizing filters Sarstedt 
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Strains 

 

Escherichia coli XL 10 Gold (Stratagene) strain was used for plasmid expression;  
Genotype: TetrΔ(mcrA)183;Δ(mcrCB-hsdSMR-mrr)173; endA1;supE44; thi-1 recA1; gy-
rA96;relA1; lac; Hte [F′; proAB; lacIqZΔM15;Tn10;(Tetr); Amy; Camr]. 
 

Escherichia coli ER2925 was used for expression of non-methylated plasmids 
Genotype: ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 
R(zgb210::Tn10)TetS endA1 rpsL136 dam13::Tn9 xylA-5 mtl-1 thi-1 mcrB1 hsdR2 
 
Staphylococcus aureus RN4220 (Rosenbach 1884) DSM 26309 
 
Staphylococcus aureus HG001 laboratory strain generated by S. Herbert (University of Tü-
bingen) (181) 
 

H. sapiens HeLa cells were used for cell culture experiments 
 
C. elegans wild type strain N2 (CGC, University of Minnesota) was used for generating stable 
transgenic lines 
 

 

Plasmids 

 

Figure 31 pCN-pBlaZ-GFP vector. Used for gfp expression in S. aureus. RNA motifs were inserted into the hly 

5´-UTR. Provided by the Romby lab (University of Strasbourg).  
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Figure 32 psiCheck™-2 vector (Promega). Used for measuring gene expression levels in HeLa cells. The vector 

encodes for the firefly luciferase (hLuc+) and the Renilla luciferase (hRluc). 

 

Figure 33 Modified pCFJ910 vector for applications in C.elegans. Empty betaNAC promoter and 3´-UTR 

were removed from the original vector. The aNAC promoter is used for ubiquitous expression. The neomycin 

resistance cassette allows for selection of transgenic animals by incubation with G418. Provided by the Deuerling 

lab (University of Konstanz). 
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General methods 

 

Agarose gel electrophoresis 

Agarose gel electrophoresis was used to monitor the formation of PCR products (standard 

agarose) as well as for DNA purification (high quality agarose). Agarose concentrations 

ranged from 0.8 to 2.5% in 0.5x TBE buffer, according to DNA size. For visualization of the 

DNA, 1 μL of Midori Green Advanced was added to each 40 mL gel before casting. Samples 

were loaded with agarose loading dye and DNA ladders were run together with the samples as 

markers of the molecular length. Gels were run in 0.5x TBE buffer at 130 V for 45 minutes or 

at 100 V for 90 minutes for analytical and purification gels respectively. Afterwards the gel 

was analyzed under UV light using the Gel documentation device Biometra GelDoc.  

 

DNA isolation from agarose gel 

DNA was isolated from an agarose gel by excising the respective band under UV light and 

extracted using the ZymocleanTMGel DNA Recovery Kit, according to the provided protocol. 

 

Column purification of DNA 

DNA was purified using the Zymo DNA Clean & ConcentratorTM Kit, following the provided 

protocol. 

 

Plasmid construction 

 

Sequences up to 90 nucleotides were cloned into plasmids by whole plasmid PCR with pri-

mers containing half of the inserted sequence as 5´-overhangs respectively. Larger sequences 

were either split in smaller parts and inserted successively in several cloning steps or, if feasi-

ble, were inserted via restriction sites or using Gibson Assembly®. 

In case of the regulatory cassette used for splicing experiments, the DNA fragment (intron-

exon-intron) was chemically synthesized (Invitrogen) with restriction sites for ApaI and XbaI. 

There restriction sites were used to insert the full fragment into the psi-Check 2 vector. 

 

Phusion and Q5 PCR 

Phusion Hot Start II or Q5 High-Fidelity DNA polymerase was used to insert sequences into a 

plasmid via whole plasmid PCR or to amplify DNA fragments used for digestion with re-
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strictions enzymes or for Gibson Assembly. The reaction mixture as shown in Table 8 was 

run according to the protocols shown in Table 9 (Phusion) or Table 10 (Q5). 

 

Table 8 PCR reaction mixture for Phusion or Q5 PCR 

Conc. Reagent Volume 

[µL] 

Final conc./amount 

5x HF or GC Buffer (Phusion) 
Q5 Reaction Buffer 

10 1x 

2 mM dNTPs 5 200 µM 
5 µM Primer A 6 600 nM 
5 µM Primer B 6 600 nM 
10 ng/µL Template 1 0.2 ng/µL 
100 % DMSO 4 8 % 
2 U/µL Polymerase 0.5 1U 
 H2O 17.5  
 total 50µL  
 

Table 9 Cycler program for Phusion PCR 

 Temperature [°C] time 

Initial denaturation  98  30 s 
Denaturation 98 10 s 
Annealing 58-68 30 s 
Extension 72 20 s/kbp 
Final extension 72 7 min 
 

 

Table 10 Cycler program for Q5 PCR 

 Temperature [°C] time 

Initial denaturation  98  30 s 
Denaturation 98 10 s 
Annealing 58-68 30 s 
Extension 72 25 s/kbp 
Final extension 72 2 min 
 

 

DpnI digest 

To remove methylated template DNA following PCR amplification the product was digested 

using DpnI restriction endonuclease. Dpn1 selectively cleaves methylated restriction sites 

present within the template DNA. 1 μL of Enzyme was added to the PCR reaction mixture in 

CutSmart buffer and incubated at 37 °C for 15-60 min. 
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Restriction enzyme digestion and dephosphorylation 

Larger DNA sequences were inserted into a plasmid backbone using restriction enzymes. 

Both the insert and the backbone were digested with the same restriction enzymes to generate 

complementary 5´-overhangs at the restriction sites. 2 μg of DNA or a whole PCR product 

was digested in a reaction volume of 50 μL containing 1 µL of the used enzymes in the re-

spective buffer provided by the manufacturer. The reaction was incubated for 2 hours at 37 

°C. The digestion reaction of the backbone DNA was followed by a dephosphorylation step to 

prevent unwanted side products during ligation. For dephosphorylation 1 μL of Shrimp Alka-

line Phosphatase (rSAP) in CutSmart buffer was used in a reaction volume of 50 μL and in-

cubated for 1 h at 37 °C. The dephosphorylated backbone DNA and the inserts were then pu-

rified using a column (<500 bp) or agarose gel electrophoresis.  

 

Ligation 

Following a whole plasmid PCR, ligation was performed using 50 ng of DNA in a 10 µL re-

action mixture with 0.5 µL Quick Ligase in Quick Ligase Reaction Buffer. For ligation of two 

DNA fragments after restriction enzyme digestion, 50 ng of backbone DNA and a 3-5 fold 

molar excess of insert were used in a 10 µL reaction mixture with 0.5 µL Quick Ligase in 

Quick Ligase Reaction Buffer. The ligation reaction was run for 20 minutes at 25 °C. 

 

Transformation in E.coli 

Plasmids were transformed into E.coli by electroporation. Electro competent E.coli were 

thawed on ice, mixed with 2 μL of plasmid and subsequently transferred into a prechilled 

electroporation cuvette. Cells were pulsed at 1800 V for 5 ms using the Electroporator 2510. 

After electroporation the cells were recovered in pre-warmed SOC and incubated at 37 °C for 

45-60 min. Afterwards cells were plated on LB-agar plates containing the respective antibiot-

ics for selection and incubated over night at 37 °C. 

 

DNA isolation from E.coli 

Liquid cultures of E. coli XL10 Gold or E. coli ER2529 were grown in LB-medium contain-

ing the respective antibiotic for selction at 37 °C and 200 rpm. Plasmids were isolated from 

liquid cultures using the Zyppy™ Plasmid MiniPrep Kit or the QIAprep Spin ® Miniprep Kit, 

following the provided protocol. 
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DNA sequencing 

To verify sequences of re-transformed or newly cloned plasmids, they were sent for sequenc-

ing to Eurofins Genomics GATC biotech. Samples for sequencing were diluted to a concen-

tration of 90 ng/μL and mixed with an appropriate sequencing primer prior to shipping. 

 

S. aureus experiments 

 

Cultivation of S. aureus 

S. aureus were cultivated in liquid cultures (BHI-medium) at 37 °C and 200 rpm or on BHI-

agarplates at 37 °C. 

 

Electrocompetent S. aureus 

350 mLBHI medium was inoculated with an over night culture of S. aureus to an initial 

OD600 of approximately 0,01. The bacteria were grown for 2 h at 37 °C under agitation until 

reaching an OD600 of 0.4-0.5. 300 mL of the liquid culture were transferred to 50 mL falcons 

and centrifuged at 3000 g for 15 min at 4 °C. The supernatant was discarded carefully. The 

pellets were pooled and resuspended in 60 mL of a sterilized 0.5 M sucrose solution. The so-

lution was centrifuged for 10 min at 3000 g at 4 °C. The supernatant was discarded and the 

pellet was resuspended in 30 mL of a 10 % glycerol solution followed by centrifugation for 5 

min at 3000 g at 4 °C. The supernatant was discarded and the pellet was resuspended in 3 mL 

of a 10 % glycerol solution. The competent cells were stored at -80 °C in 100 μL aliquots. 

 

Transformation in S. aureus 

Electrocompetent S. aureus cells were thawed on ice and incubated with 1 µg of non-

methylated DNA in a volume of no more than 10 µL for 30 min. Cells were transferred to 

electroporation cuvettes with a 2 mm gap and pulsed with 1.8 kV for 

2.5 ms using a Gene Pulser. The electroporated cells were quickly resuspended in 900 μL of 

pre-warmed BHI medium and incubated for 2 h at 37 °C under agitation. The cells were then 

transferred to an Eppendorf tube and centrifuged at 3000 g for 2 min. The supernatant was 

discarded and the pellet was resuspended in remaining supernatant and spread on BHI plates 

containing 10 μg/mL erythromycin. The plates were incubated over night at 37 °C. 
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GFP measurements 

Three single colonies for each transformed plasmid were cultivated in 400 μL BHI-Medium 

in a 96-deepwell plate. The plates were incubated over night at 37 °C at 1300 rpm. For tech-

nical triplicates, 10 μL of an over night culture were added to 400 μL of fresh BHI-medium in 

a 96-deepwell plate. The plates were incubated over night at 37 °C at 1300 rpm. Of each cul-

ture 100 μL were transferred to a UV transparent flat bottomed 96-well plate. GFP expression 

and OD600 measurements were performed using a tecan plate reader. For GFP measurements 

the excitation wavelength wasset to 488 nm and emission wavelength to 535 nm. GFP expres-

sion was normalized to OD600. 

 

Cell culture experiments 

 

Cultivation of HeLa cells 

HeLa cells were cultivated in full medium consisting of Dulbecco’s Modified Eagle’s Medi-

um (Gibco DMEM) supplemented with 10 % (v/v) FCS and 1 % (v/v) penicillin/streptomycin 

at 37 °C and 5 % CO2 in a humidified atmosphere. The cells were passaged every 2-3 days. 

For experiments, cells at 60-70 % confluency and no older than passage 40 were used. 

 

Transient transfection of HeLa cells 

The day prior to transfection, cells were seeded into 96-well plates at 15 000 cells/well. Cells 

were transfected using Lipofectamine®3000 according to the manufacturer’s instructions with 

100 ng of respective plasmid DNA per well. After 4-6 h the medium was exchanged with 

fresh medium with or without a respective ligand. 

 

Dual lucfierase reporter assay 

After incubation of transiently transfected cells for 24 h with or without the respective ligand 

a dual luciferase assay was performed using the Dual-Luciferase® Reporter Assay System 

according to the manufacturer’s instructions. For luminescence measurement a Spark® mul-

timode microplate reader (Tecan) was used with a settle time of 0 ms and an integration time 

of 2000 ms. The ratio between the measured firefly and Renilla luminescence values were 

calculated for each well. Each experiment was performed in triplicate and average values 

were set in correlation to the psiCHECK™-2 vector as 100 % which was measured on each 

plate. Propagation of errors was included in the given standard deviation. 
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RT-PCR analysis 

The day prior to transfection, HeLa cells were seeded into 12-well plates at 150 000 

cells/well. Cells were transfected using Lipofectamine®3000 (Fisher Scienctific) according to 

the manufacturer’s instructions with 200 ng of respective plasmid DNA per well. After 4-6 h, 

the medium was exchanged with fresh medium with or without 50 µM tetracycline. After 

incubation of transiently transfected cells for 24 h with or without tetracycline total RNA was 

isolated using the RNA isolation Quick-RNA™ Miniprep Kit according to the manufacturer’s 

instruction. An additional DNaseI digest with subsequent RNA purification (RNA Clean & 

Concentrator-100) was performed. RNA was eluted in 50 μL DEPC treated water and nucleic 

acids were quantified using a Spark® multimode microplate reader (Tecan). Purity of samples 

was given by A260/A280 ratio of > 2. Subsequently, 500 ng of RNA was used for reverse 

transcription with random hexamers using the High Capacity cDNA Reverse Transcription 

Kit following the accompanying protocol (10 min at 25 °C, 120 min at 37 °C, 5 min at 85 °C). 

1 µL of cDNA was used for subsequent PCR using Phusion HS II polymerase (initial dena-

turation 30 sec at 98 °C, 10 s at 98 °C, 30 s 59 °C, 20 s at 72◦C, 30 cycles, final elongation 7 

min at 72 °C) and the product was analyzed on a 2% (w/v) agarose gel.  

 

qPCR analysis 

qPCR analysis was performed using the GoTaq® qPCR Master Mix and the CFX Connect 

Real-Time PCR Detection System with 1 µL of cDNA as template (prepared as described for 

RT-PCR). Primers for firefly (hluc+) and Renilla (hRluc) luciferase were originally designed 

and validated by Beilstein et al. (147). Primer sequences are given in Supplementary Table 2. 

For qPCR reactions, 10 µL reaction volume was employed with final concentrations of 1x 

GoTaq® qPCR Master Mix, 250 nM primers and 1 µL cDNA. PCR conditions were initial 

denaturation at 95 °C for 2 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. To 

ensure qPCR specificity, a melt curve analysis followed showing single melting peaks and 

qPCR amplicons were visualized as single bands of expected height on a 2 % (w/v) agarose 

gel. Cq values were derived from analysis with Bio-Rad CFX Maestro 1.1 software. A no-

template control was added to each plate and each sample was measured in technical dupli-

cates. Samples were further analyzed via the delta-Cq method with hRluc as reference gene. 

Mean mRNA abundance was calculated from three independent experiments.  
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C. elegans experiments 

 

Cultivation and Microinjection  

In all experiments, C. elegans Bristol strain N2 was used for transformations and as control. 

Worms were cultured on NGM agar plates according to standard techniques with E. coli 

OP50 as food source (141). Transgenic strains were generated using standard microinjection 

procedures (182). For each construct, at least two independent transgenic lines carrying ex-

trachromosomal arrays were obtained which show comparable results. In all transformations 

the injection mixture comprised 2.5 ng/µL of the plasmid of interest, 10 ng/µL pPD152.79 

(dpy-30p::GFP; gift fromAndrew Fire, Addgene plasmid #1704) as co-injection marker and 

90 ng/µL of GeneRuler 1 kb DNA Ladder. All plasmids and the 1 kb DNA ladder were puri-

fied using the QIAprep Spin ® Miniprep Kit. After microinjection, transgenic worms (detect-

able via the GFP body label) were transferred to new NGM plates (F2 generation) progenies 

of the F2 worms were used to select stable transgenic lines for experiments and long-time 

storage. For maintenance, cultures on NGM plates could be stored at 15°C for several weeks. 

For experiments, C. elegans cultures were kept at 20°C. 

For cryo stock storage, NGM plates with a starved population containing many transgenic L1 

larvae and dauer larvae were washed down with 2 mL S-buffer into a 15 mL Flacon tube. 

Equal volume of S-Buffer+ was added and 1 mL of the mixture was transferred into cryo vi-

als. Worms were slowly cooled down and then stored at 80 °C. 

 

Timed Egg Lay experiments 

For all experiments, worms carrying tetracycline-dependent reporters were grown on agar 

plates with or without 10 µM tetracycline from hatch till adulthood for 3 days at 20 °C before 

assessment of mCherry expression. On day 1, 5 egg-carrying adult worms were placed on 

NGM plates with or without tetracycline. After 6 h, the adult worms were removed from the 

plates to grow semi-synchronized cultures for assesment of mCherry expression on day 3. 

 

Fluorescence microscopy  

Transgenic animals were selected by monitoring GFP fluorescence on a Leica MZ10 F micro-

scope. For each strain, five transgenic worms were placed in a drop of 25 mM levamisole 

hydrochloride in M9-buffer on an empty NGM plate. Images were recorded using a Leica DM 

5500B microscope with a 506505 10x objective and a DFC 365 FX CCD-Microscope Cam-

era. The exposure time for the mCherry channel was adjusted to the control animals which 
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constitutively express mCherry and was then used for all constructs. Images were processed 

in Fiji (ImageJ) using cropping, brightness and contrast tools (183). Contrast settings were 

adjusted for control animals which constitutively express mCherry and were then propagated 

to all other images.  

 

Western blotting 

For the detection of mCherry by western blotting worms were grown on NGM agar plates 

with or without 10 µM tetracycline for 3 days from hatch until adulthood. Worms were picked 

and placed in SDS-lysis containing 1x protease inhibitor cocktail and were lysed by soni-

cation. Samples were centrifuged and the supernatant was mixed with 5x SDS loading dye. 

Samples were applied to a 10% SDS-bis-Tris gel which was run for 1.5 h at 100 V in 1x 

MOPS running buffer followed by electroblotting onto a nitrocellulose membrane using the 

wet blot method (100 V, 45 min) in 1x WB-buffer. The membrane was washed with 1x TBS-

T and incubated with 5% milk powder for 1 h. The membrane was washed 3 times with 1x 

TBS-T and was incubated with anti-mCherry monoclonal mouse antibody (1:2000 in 1xTBS-

T) at 4 °C over night. The membrane was washed with 1xTBST to remove excess antibody 

and was subsequently incubated with the secondary antibody (anti-mouse-IgG-HRP mono-

clonal, 1:10000 in 1x TBS-T) for 1.5 h at room temperature. The membrane was washed with 

1x TBS-T and signals were visualized with supersensitive ECL solution (Cyanagen) on a 

FUSION Solo S Imager. HRP was inactivated using 2% NaN3 in 5% milk for 1 h at room 

temperature. The membrane was then washed with 1x TBS-T and then incubated with the 

anti-actin monoclonal antibody (1:5000 in 1x TBS-T) over night. The membrane was washed 

with 1x TBS-T and again incubated with the secondary antibody for 1.5 h at RT. The mem-

brane was washed again and actin was imaged as loading control, using standard ECL solu-

tion. Quantification of the western blot bands was conducted using Fiji (ImageJ). The area 

under the curve was calculated for shown bands. Actin bands were used as reference to calcu-

late relative mCherry expression. The mCherry control was set to 100 % and mCherry expres-

sion of transgenic lines carrying splicing devices were set intro relation of the respective con-

trol grown with or without tetracycline. 

 

Life span analysis 

Life span experiment was performed with N2 wild type worms on OP50 seeded plates with or 

without 10 μM tetracycline from hatch. In the young adult stage, 100 worms were placed on 

plates containing 150 μM 5-fluorodeoxyuridine to prevent progeny. Screening of live/dead 
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worms started at day 4 of adulthood. Live worms were transferred to fresh plates on day 10 of 

adulthood. 

 

Thermo-tolerance assay 

N2 wild type worms were cultivated on plates with or without 10 μM tetracycline from hatch 

at 20 °C. After 2 days 50 L4 worms were placed on fresh plates. The following day, plates 

were sealed with parafilm and incubated at 34 °C for 2–7 h in a water bath. Live/dead worms 

were scored after 16–17 h recovery at 20 °C. 

 

Paralysis assay 

Paralysis in each strain (50–70 worms) was tested on plates with or without 10 μM tetracy-

cline from hatch. In the young adult stage, worms were placed on plates containing 150 μM 5-

fluorodeoxyuridine to prevent progeny. Screening of paralyzed worm started on day 1 of 

adulthood. Scored as paralyzed were worms that failed to undergo a full body wave propaga-

tion upon repeated prodding with a platinum wire worm picker. Non-paralyzed worms were 

transferred to fresh plates on day 6. The experiment was repeated twice. 
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8. List of Abbreviations 

°C   degree Celsius 
A   adenosine, deoxyadenosine 
au  arbitrary units 
bp   base pair 
C   cytidine, deoxycytidine 
ddH2O   double distilled water 
DNA   deoxyribonucleic acid 
dNTP   deoxynuclotide 
E. coli   Escherichia coli 
eGFP   enhanced Green Fluorescent Protein 
FCS   fetal calf serum 
G   guanosine, deoyxguanosine 
Gua*HCl guanidine hydrochloride 
H2O up  ultrapure water 
HD  Huntington’s disease 
HHR   hammerhead ribozyme 
L   litre 
LB   lysogeny broth 
M   molar 
mg   milligram 
min   minute 
mL   millilitre 
mM   millimolar 
mRNA   messenger RNA 
miRNA  micro RNA 
ms   millisecond 
ng   nanogram 
NGM  normal growth medium 
nm   nanometer 
NMD  nonsense mediated decay 
NTP   ribonucleotide 
OD600   optical density measured at 600 nm 
ORF  open reading frame 
OH group  hydroxyl group 
P   phosphate 
PBS   Phosphate-buffered saline 
PCR   polymerase chain reaction 
PenStrep  Penicilline/Streptomycin 
Pk   pseudoknot 
pre-mRNA precursor messenger RNA 
PTC  premature termination codon 
qPCR  quantitative PCR 
RBS   ribosomal binding site 
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RNA   ribonucleic acid 
RNase   ribonuclease 
rpm   rotations per minute 
rRNA   ribosomal RNA 
RT  Reverse transcription 
s   seconds 
s.d.  standard deviation 
SD   Shine-Dalgarno 
SDseq  SD sequence 
SELEX  systematic evolution of ligands by exponential enrichment 
SN2   nucleophilic substitution 2nd order 
SOC   super optimal broth with catabolite repression 
sRNA   small regulatory RNA 
t  time 
T   deoxythymidine 
TBE   Tris-Borat-EDTA-Buffer 
Tet  Tetracycline 
TF   transcription factor 
TPP   thiamine pyrophosphate 
tRNA   transfer RNA 
U    units 
U   uridine 
UTR   untranslated region 
UV   ultraviolet 
V   volt 
w/o   without 
wt  wild type 
μg   microgram 
μL   microliter 
μm   micrometre 
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Supplementary Table 1 Sequences of hly 5´-UTR and constructs embedded into the hly 5´-UTR for condi-

tional GFP expression in S. aureus. Sequences of active HHR variants are shown. Nucleotides of the closing 

stem are underlined. 

Construct Sequence 

hly 5´-UTR ATAAAGCAAGCATATAATATTGCGTTTCATCTTTAGAAGCGAATTTCGCC
AATATTATAATTATCAAAAGAGAGGGGTGGCAAACGGTATTTGGCATTAT
TAGGTTAAAAAATGTAGAAGGAGAGTGAAACCC 

Guanidine-II 
aptamer 

CAGCTTTGCAGGACGACCTGCAAACGCCTCTTTTCACCGGGGACGGCCCC
AATTC 

Guanidine-II 

+Ec UTR 

CAGCTTTGCAGGACGACCTGCAAACGCCTCTTTTCACCGGGGACGGCCCC
AATTCTCCGGAGCCATGGCCACC 

HHRt1 TCTCCTTCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCT
TCGGTGCGTCCTGGATTCCACGAAGGAGA 

HHRt3 GCGCGTCCTGGATTCGCGGAAACGCGTACATCCAGCTGACGAGTCCCAA
ATAGGACGAAACGCGC 

HHRt1 
sSDseq 

TCTGCATCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCT
TCGGTGCGTCCTGGATTCCACGATGCAGA 

HHRt1 
sSDseq+2bps 

TCTGCATAGCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGC
GCTTCGGTGCGTCCTGGATTCCACGCTATGCAGA 

HHRt1 

sSDseq-2bps 

TCTGTCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTTC
GGTGCGTCCTGGATTCCACGACAGA 

HHRt1 

sSDseq-3bps 

TCTGCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTTCG
GTGCGTCCTGGATTCCACGCAGA 

HHRt1 
sSDseq-4bps 

TCTCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTTCGG
TGCGTCCTGGATTCCACGAGA 

HHRt1 
sSDseq-5bps 

TCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTTCGGT
GCGTCCTGGATTCCACGGA 

 
 

Supplementary Figure 1 Sequence of K4 aptazyme used for mCherry and polyQ expression in C. elegans. 

Insulator sequences ((CAAA)3 spacer) are italic, aptamer with communication is module underlined 

5´-
CAAACAAACAAAGGCGCGTCCTGGATTCGTACAAAACATACCAGATTTCGATCTGGAGAGG
TGAAGAATACGACCACCTGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCT
CAAACAAACAAA-3´ 
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Supplementary Figure 2 Resazurin assay for toxicity testing of tetracycline in HeLa cells. 20.000 HeLa 

cells per well were seeded in a 96-well plate. The next day, medium was exchanged to medium with different 

concentrations of tetracycline. 0.5 % Triton X 100 was used as negative control. Cells were incubated for 24 h 

and medium was exchanges to resazurine-containing medium (5.5 mg in 50 mL PBS; diluted 1:10 in full medium) 

for 1 h. Fluorescence was measured at an excitation wavelength of 530 nm and an emission wavelength of 

590 nm. 

 

 
 
Supplementary Figure 3 Sequence of hluc+ with splicing insert. Bold letters mark start and stop codons; Italic 

capital letters mark regions 5´-and 3´-of the splicing insert that differ from the original sequence of the 

psiCHECK™-2 vector; lower case letters mark intron sequences from human β-globulin gene (5´-intron: 259 nt / 

3´-intron: 247 nt with the 5´-splice site underlined; the alternative exon derived from exon 2 of the human dihydro-

folate reductase gene (DHFR) 50 nt with the in frame stop codon is shown in grey. 

 

ATGGCACCGCTGGCGAGCAGCTGCACAAGGCCATGAAGAGGTATGCCCTGGTGCCTGGC
ACCATTGCCTTCACCGATGCCCACATTGAGGTGGACATCACCTATGCCGAGTACTTCGAG
ATGTCTGTGCGCCTGGCCGAGGCCATGAAGAGGTACGGCCTGAACACCAACCACCGCATC
GTGGTGTGCTCTGAGAACTCTCTGCAGTTCTTCATGCCAGTGCTGGGCGCCCTGTTCATCG
GAGTGGCCGTGGCCCCTGCTAACGACATTTACAACGAGCGCGAGCTGCTGAACAGCATG
GGCATTTCTCAGCCTACCGTGGTGTTCGTGTCTAAGAAGGGCCTGCAGAAGATCCTGAAC
GTGCAGAAGAAGCTGCCTATCATCCAGAAGATCATCATCATGGACTCTAAGACCGACTAC
CAGGGCTTCCAGAGCATGTACACATTCGTGACATCTCATCTGCCTCCTGGCTTCAACGAGT
ACGACTTCGTGCCAGAGTCTTTCGACAGGGACAAAACCATTGCCCTGATCATGAACAGCT
CTGGGTCTACCGGCCTGCCTAAGGGCGTGGCCCTGCCTCATCGCACCGCCTGTGTGCGCTT
CTCTCACGCCCGCGACCCTATTTTCGGCAACCAGATCATCCCCGACACCGCTATTCTGAGC
GTGGTGCCATTCCACCACGGCTTCGGCATGTTCACCACCCTGGGCTACCTGATTTGCGGCT
TTCGGGTGGTGCTGATGTACCGCTTCGAGGAGGAGCTGTTCCTGCGCAGCCTGCAAGACT
ACAAAATTCAGTCTGCCCTGCTGGTGCCAACCCTGTTCAGCTTCTTCGCTAAGAGCACCCT
GATCGACAAGTACGACCTGTCTAACCTGCACGAGATTGCCTCTGGCGGCGCCCCACTGTC
TAAGGAGGTGGGCGAAGCCGTGGCCAAGAGGTTCCATCTGCCAGGTATCAGGgtgagtc-
tatgggacccttgatgttttctttccccttcttttc-
tatggttaagttcatgtcataggaaggggagaagtaacagggtacacatattgac-
caaatcagggtaattttgcatttgtaattttaaaaaatgctttcttcttttaatatacttttttgtttatcttatttctaatactttccctaatctctttctttcagggcaa
taatgatacaatgtatcatgccgagtaacgctgtttctctaacttgtagGAATGAATTCAGA-
TATTTCCAGAGAATGAAAAAAAAATCTTCAGTAGAAGgtaatgtagcaccattctaaagaa-
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taacagtgataatttctgggttaaggcaatagcaatatttctgcatataaatatttctgcata-
taaattgtaactgatgtaagaggtttcatattgctaatagcagctacaatccagctac-
cattctgcttttattttatggttgggataaggctggattattctgagtccaa-
gctaggcccttttgctaatcatgttcatacctcttatcttcctcccacagCAAGGATATGGCCTGACCGAGACAACCAGCGC
CATTCTGATTACCCCAGAGGGCGACGACAAGCCTGGCGCCGTGGGCAAGGTGGTGCCATT
CTTCGAGGCCAAGGTGGTGGACCTGGACACCGGCAAGACCCTGGGAGTGAACCAGCGCG
GCGAGCTGTGTGTGCGCGGCCCTATGATTATGTCCGGCTACGTGAATAACCCTGAGGCCA
CAAACGCCCTGATCGACAAGGACGGCTGGCTGCACTCTGGCGACATTGCCTACTGGGACG
AGGACGAGCACTTCTTCATCGTGGACCGCCTGAAGTCTCTGATCAAGTACAAGGGCTACC
AGGTGGCCCCAGCCGAGCTGGAGTCTATCCTGCTGCAGCACCCTAACATTTTCGACGCCG
GAGTGGCCGGCCTGCCCGACGACGATGCCGGCGAGCTGCCTGCCGCCGTCGTCGTGCTGG
AACACGGCAAGACCATGACCGAGAAGGAGATCGTGGACTATGTGGCCAGCCAGGTGACA
ACCGCCAAGAAGCTGCGCGGCGGAGTGGTGTTCGTGGACGAGGTGCCCAAGGGCCTGAC
CGGCAAGCTGGACGCCCGCAAGATCCGCGAGATCCTGATCAAGGCTAAGAAAGGCGGCA
AGATCGCCGTGTAATAA 
 
 

Supplementary Table 2 Oligonucleotides used for tetracycline-dependent alternative splicing in HeLa 

cells. Binding sequences are indicated by lower case letters. 

Construct Primer A (Sequence 5´→3´) Primer B (Sequence 5´→3´) 

Tet1 
TGGAGAGGTGAAGAATACGAC-
CACCTAGGACATTACgcaccatt-
ctaaagaataacagtgataatttctgg   

GACTTTCATCTGGTATGTTTTAG-
Gacattaccttctactgaagatttttttttcattctctg 

Tet2 

TGGAGAGGTGAAGAATACGAC-
CACCTAGGCACATTACgcaccatt-
ctaaagaataacagtgataatttctgg   

GACTTTCATCTGGTATGTTT-
TAGGCacattaccttctactgaagatttttttttcattctctg 

Tet3 

TGGAGAGGTGAAGAATACGAC-
CACCTAGGgtaatgtgcaccatt-
ctaaagaataacagtgataatttctg      

GACTTTCATCTGGTATGTTTTAGGG-
TAATGTcttctactgaagatttttttttcattctctggaaa-
tatc 

Tet4 
GAGAGGTGAAGAATACGAC-
CACCTAGGCgtaatgtgcaccattctaaa-
gaataacagtgataatttctg 

CAGACTTTCATCTGG-
TATGTTTTAGGCGTAATGTcttctactgaa-
gatttttttttcattctctggaaatatctg 

Tet5 
GAGAGGTGAAGAATACGAC-
CACCTAAGgtaatgtGgcaccattctaaa-
gaataacagtgataatttctg 

CAGACTTTCATCTGGTATGTTTTAAG
GTAATGTG cttctactgaagatttttttttcattctctg-
gaaatatctg 

Tet6 
GAGAGGTGAAGAATACGACCAC
CTAGAG gtaatgtgcaccattctaaagaa-
taacagtgataatttctg 

CAGACTTTCATCTGGTATGTTTTAGA
GGTAATGT cttctactgaagatttttttttcattctctg-
gaaatatctg 

Tet7 

GAGAGGTGAAGAATACGAC-
CACCTAGAGgtaatgtGgcaccattctaaa-
gaataacagtgataatttctg 

CAGACTTTCATCTGGTATGTTTTA-
GAGGTAATGTGcttctactgaagat-
ttttttttcattctctggaaatatctg 

Tet8 
GAGAGGTGAAGAATACGAC-
CACCTAAGgtaatgtGCgcaccattctaaa-
gaataacagtgataatttctg 

CAGACTTTCATCTGG-
TATGTTTTAAGGTAATGTGCcttc-
tactgaagatttttttttcattctctggaaatatctg 

Tet9 
GAGAGGTGAAGAATACGAC-
CACCTAGAGgtaatgtGCgcac-
cattctaaagaataacagtgataatttctg 

CAGACTTTCATCTGGTATGTTTTA-
GAGGTAATGTGCcttctactgaagat-
ttttttttcattctctggaaatatctg 

Tet10 acattaccctaaaacataccagatgaaagtc ctacaagttagagaaacagcgttactcgg 

Tet11 gcacattacctctaaaacataccagatgaa ctacaagttagagaaacagcgttactcgg 
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Tet1A9U ggagaggtgaagaatacgaccaccta agactttcatctggaatgttttaggacattac 

Tet3A9U ggagaggtgaagaatacgaccaccta agactttcatctggaatgttttagggtaatg 

RT-PCR gagattgcctctggcggc gccaggcttgtcgtcgc 

qPCR_hluc+ ttcaccgatgcccacattga gttctcagagcacaccacga 

qPCR_hRluc agggcgagaaaatggtgctt cgtctaacctcgcccttctc 

 
 

Supplementary Table 3 Complete sequences of tetracycline aptamers used for conditional pre-mRNA 

splicing.  

Construct Sequence 

Tet1 GTAATGTCCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATACG
ACCACCTAGGACATTAC 

Tet2 GTAATGTGCCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATAC
GACCACCTAGGCACATTAC 

Tet3/Tet10 ACATTACCCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATACG
ACCACCTAGGGTAATGT 

Tet4 ACATTACGCCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATAC
GACCACCTAGGCGTAATGT 

Tet5 CACATTACCTTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATAC
GACCACCTAAGGTAATGTG 

Tet6 ACATTACCTCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATAC
GACCACCTAGAGGTAATGT 

Tet7 CACATTACCTCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATA
CGACCACCTAGAGGTAATGTG 

Tet8 GCACATTACCTTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAATA
CGACCACCTAAGGTAATGTGC 

Tet9/Tet11 GCACATTACCTCTAAAACATACCAGATGAAAGTCTGGAGAGGTGAAGAAT
ACGACCACCTAGAGGTAATGTGC 

Tet1A9U GTAATGTCCTAAAACATTCCAGATGAAAGTCTGGAGAGGTGAAGAATACG
ACCACCTAGGACATTAC 

Tet3A9U ACATTACCCTAAAACATTCCAGATGAAAGTCTGGAGAGGTGAAGAATACG
ACCACCTAGGGTAATGT 

 
 

Supplementary Figure 4 Used mCherry sequence with alternantive exon and additional intron. Start and 
stop codons are shown in bold letters. Intron sequences are shown in lower case letters and the alternative exon 
is shown in grey. The 5´-splice site of the additionally inserted intron is underlined. 

 

ATGGTCTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAAGAGTTTATGCGTT
TCAAGGTGCATATGGAGGGATCTGTCAATGGGCATGAGTTTGAAATTGAAGGTGA
AGGAGAAGGCCGACCATATGAGGGAACACAAACCCAAAACTAAAGgtaagtttaaacat-
atatatactaactaaccctgattatttaaattttcagGAATGAATTCAGATATTTCCAGA-
GAATGAAAAAAAAATCTTCAGTAGAAGgtaagtttaaacagttcggtactaactaaccataca-
tatttaaattttcagGTAACTAAAGGCGGACCATTACCATTCGCCTGGACATCCTCTCTCCA
CAGTTCATGTATGGAAGTAAAGCTTATGTTAAACATCCGGCAGATATACCAGATT
ATTTGAAACTTTCATTCCCGGAGGGTTTTAAGTGGGAACGCGTAATGAATTTTGA
AGACGGAGGAGTTGTTACAGTGACGCAAGACTCAAGgtaagtttaaacagttcggtacta-
actaaccatacatatttaaattttcagCCTCCAAGATGGA-
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GAATTTATTTATAAAGTCAAACTTCGAGGAACGAATTTCCCCTCGGATGGACCTG
TTATGCAGAAGAAGACTATGGGATGGGAAGCTTCAAGTGAAAGAATGTACCCTG
AAGACGGTGCTCTTAAGGGAGAGATTAAACAACGTCTTAAATTGAAAGATGGAG
GACATTACGATGCTGAGgtaagtttaaacatgattttactaactaactaatctgat-
ttaaattttcagGTGAAGACAACTTACAAAGCCAAAAAACCAGTTCAGCTGCCAG-
GAGCGTACAATGTTAATATTAAACTGGATATCACCTCCCACAACGAGGATTACAC
TATCGTTGAGCAATATGAAAGAGCTGAAGGGCGGCACTCGACAGGTGGCATGGA
TGAATTGTATAAGTAG 
 
 

Supplementary Figure 5 Used sequence for expression of polyQ stretches with Intron-alternative exon-
Intron cassette. Start and stop codons are shown in bold letters. Inserted splicing cassette is underlined. Part of 
the polyQ stretch is shown as “POLYQ”. GFP is shown in grey. 

 

ATGGCGACCCTGGAAAAGCTGATGAAGGTAAGTTTAAACATATATATACTAACT
AACCCTGATTATTTAAATTTTCAGGAATGAATTCAGATATTTCCAGAGAATGAAA
AAAAAATCTTCAGTAGAAGACATTACCCTAAAACATACCAGATGAAAGTCTGGA
GAGGTGAAGAATACGACCACCTAGGGTAATGTTAAACAGTTCGGTACTAACTAA
CCATACATATTTAAATTTTCAGGCCTTCGAGTCCCTCAAAAGCTTCCAACAGCAG
CAACAGCAACAACAGCAGCAACAGCAA”POLYQ”CAGCAACAGCAACAACAGCA
GCAACAGCAACAACAGCAGCAACAGCAACAACCGCCACCACCTCCCCCTCCACC
CCCACCTCCTCAACTTCCTCAACCTCCTCCACAGGCACAGCCTCTGCTGCCTCAGC
CACAACCTCCTCCACCTCCACCTCCACCTCCTCCAGGCCCAGCTGTGGCT 
GAGGAGCCTCTGCACCGACCTGGATCCCTGATGAGTAAAGGAGAAGAACTTTTCA
CTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTT
TCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAAT
TTATTTGCACTACTGGAAAACTACCTGTTCCATGGGTAAGTTTAAACATATATATA
CTAACTAACCCTGATTATTTAAATTTTCAGCCAACACTTGTCACTACTTTCTGTTA
TGGTGTTCAATGCTTCTCGAGATACCCAGATCATATGAAACAGCATGACTTTTTCA
AGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGA
CGGGAACTACAAGACACGTAAGTTTAAACAGTTCGGTACTAACTAACCATACATA
TTTAAATTTTCAGGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAAT
CGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTG
GAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAAT
GGAATCAAAGTTGTAAGTTTAAACATGATTTTACTAACTAACTAATCTGATTTAA
ATTTTCAGAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGC
AGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGAC
AACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAG
ACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGA
CGAACTATACAAATAG 
 

 




