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1. Introduction 

Synthetic biology is a rapidly emerging field that seeks to engineer biological systems to 

perform beneficial functions (1). Promised technological advances include the generation of 

tailor-made organisms for basic research, for therapeutical applications, for environmental 

issues, and for manufacturing chemicals, pharmaceuticals and biofuels. Synthetic biology is 

an engineering-driven discipline aiming for the application of robust and predictable genetic 

technologies to rationally design genetic networks by modifying and reassembling well 

characterized genetic devices (1). The functional complexity of artificial networks emerges 

from the interplay of individual genetic switches for tuning gene expression in response to a 

defined stimulus. A prerequisite for realizing the many goals of synthetic biology is the 

development of universal concepts that ease the generation and optimization of genetic 

switches to rapidly respond to environmental and cellular signals. Artificial RNA-based 

switches can be applied for precisely regulating gene expression at various stages without 

the need for protein factors (2; 3). For the development of novel concepts for artificial gene 

regulation it is important to have a thorough understanding of the general mechanism that 

rule natural gene expression and its regulation. 

1.1 Basics of gene expression 

Cellular systems have evolved an intricate molecular machinery to maintain cellular 

homeostasis, to diversify, to process environmental signals and to self-replicate. The 

instructions how to fulfill these diverse functions are encoded as genetic information on a 

macromolecule consisting of deoxyribonucleic acid (DNA). The basic building blocks of DNA 

are the nucleosides deoxyadenosine, deoxyguanosine, deoxycytidine, and deoxythymidine 

that are connected to a polynucleotide chain via phosphodiester bonds between the 5‟-end of 

a nucleoside with the 3‟-end of the adjacent one. Within cellular systems two complementary 

DNA strands pair with each other in an anti-parallel direction to form a right-handed double 

helix (4). The defined sequence of nucleotides, besides determining the chemical and 

structural properties, is used to encode genetic information that can be subsequently 

converted into functional macromolecules consisting of ribonucleic acid (RNA) in a process 

called transcription. RNA polymers serve as template to synthesize a polypeptide made of 

amino acids in a process termed translation. 

1.1.1 Reading and translating the genetic code 

Reading the genetic code requires a sophisticated cellular machinery made up of protein and 

ribonucleic acid (RNA) factors that interact with small molecules, metabolites, and 



physicochemical stimuli. The process of converting genetic information into a functional 

product made of either amino acids or ribonucleic acids is termed gene expression. The 

course of gene expression is sub-divided into two major steps, called transcription and 

translation. The following introduction will focus on the principal mechanisms of gene 

expression and the trademarks of prokaryotic and eukaryotic gene expression are addressed 

in separate sections (see 1.1.2 and 1.1.3). 

Transcription designates the biosynthesis of an RNA sequence by the RNA polymerase 

(RNAP). Initiation of transcription is the event when the RNAP occupies a binding site within 

the promoter sequence (5). During transcription elongation the RNAP travels along the DNA 

strand and produces an RNA transcript (6). The RNA polymerase synthesizes an RNA 

polynucleotide by reading the DNA template and polymerizing ribonucleoside triphosphates 

complementary to the respective nucleotide within the DNA strand. Importantly, the RNAP 

replaces thymidines by uridines. Transcription lasts until the RNAP receives a signal to 

terminate transcription and to release the transcript from the transcription complex (7). 

Transcription termination differs between eukaryotic and prokaryotic organisms and there are 

various mechanisms for both classes. More information on transcription termination is given 

in 1.1.2 for prokaryotes and 1.1.3 for eukaryotes. 

Transcription of DNA gives rise to a polynucleotide transcript made of RNA. Ribonucleic acid 

is a very versatile macromolecule because of its high flexibility and its basepairing capability. 

These attributes permit RNA to fold into sophisticated structures that are able to interact with 

ligands and that are able to catalyze chemical reactions (8). Thus, it is not surprising that 

defined RNA classes have evolved to execute specific functions inside a cell (9). In 

particular, functional RNAs are involved in the process of translation, which defines protein 

biosynthesis. The course of translation is split into three major stages: initiation, elongation 

and termination. The principal performers in translation are messenger RNA (mRNA), 

transfer RNA (tRNA) and ribosomal RNA (rRNA).  

Messenger RNAs are short-lived RNA transcripts that encode the genetic instructions for 

protein biosynthesis. They possess a coding region, termed open reading frame (ORF), and 

two non-coding domains, called 5‟- and 3-untranslated regions (UTR). Both UTRs, though 

non-coding, carry important information, defined by structure, sequence, or biochemical 

modifications, which influence transcript stability, localization, processing, and the rate of 

ribosome assembly, hence, protein output (10). The ORF is divided into consecutive triplet 

codons that are read by the ribosome for protein production. 

The core of protein biosynthesis is the ribosome, a ribonucleoprotein complex that is highly 

conserved throughout all kingdoms of life. The primary ribosomal function is the synthesis of 

polypeptides based on the genetic information stored in the mRNA. Ribosomes polymerize 



 

amino acids that are delivered by charged tRNAs. The growing polypeptide chain is 

subsequently folded into a mature protein. Ribosomes are large macromolecules, made up 

of a small and large ribosomal subunit and defined protein factors. The prokaryotic 70S 

ribosome consists of a larger 50S RNA and a smaller 30S rRNA subunit. The small subunit is 

composed of the 16S rRNA together with about 20 proteins, whereas the large ribosomal 

subunit is a complex made up of the 5S rRNA, 23S rRNA and over 30 proteins (11). In 

eukaryotes the assembly of the 40S small subunit and the 60S large subunit results in the 

80S ribosome. The large subunit is composed of the 5S rRNA, 5.8S rRNA, 28S and 

47 proteins and the small subunit of the 18S rRNA and 33 proteins (12). 

The second important non-coding RNA in protein biosynthesis is the transfer RNA. It is 

required for the decoding of the genetic code that is stored on the mRNA transcript. In 

addition, individual tRNAs deliver the respective amino acid to the ribosome for polypeptide 

synthesis. Transfer RNAs adopt a secondary structure of a cloverleaf composed of about 

75 nucleotides (13). Structurally conserved regions include the acceptor stem, the D-, TΨC- 

and anticodon loops. The maturation of functional tRNAs is characterized by the processing 

of the 5‟-and 3‟-termini by endo- and exonucleases and by biochemical modifications of 

defined nucleotides. Aminoacyl tRNA synthetases (AARS) charge tRNAs with amino acids, 

which are attached to the acceptor stem and transferred by the ribosome in collaboration 

with protein factors on the growing polypeptide chain. Since the genetic code is based on a 

four letter alphabet (A, U, G, and C) there are 64 possible triplet codons. There are 

61 distinct tRNAs, each differing in their sequence in the anticodon loop and each selectively 

charged with one of the twenty canonical amino acids by the respective AARS. Usually, there 

are three codons (UAA, UAG and UGA) that are not assigned to specific tRNAs, but are 

required for the termination of polypeptide synthesis. 

Translation initiation defines the stage when the ribosome assembles on the nascent mRNA, 

before the polypeptide synthesis starts. Importantly, there are differences in translation 

initiation in prokaryotes and eukaryotes, which are described in more detail in section 1.1.2 

and section 1.1.3. In general, the small ribosomal subunit is positioned on the mRNA by 

sequence elements located 5‟ of the start codon (14; 15). With the help of the tRNA for the 

decoding of the start codon, protein factors (called initiation factors) and GTP as source of 

energy, the large ribosomal subunit is recruited to form the assembled translational 

machinery (16). The ribosome possesses three distinct tRNA binding sites: aminoacyl 

(A) site, peptidyl (P) site, and exit (E) site. The A site is occupied by aminoacyl-tRNAs, the 

P site binds to peptidyl-tRNAs, whereas the E site has an affinity for deacylated tRNAs 

before being released from the translational machinery. When the ribosome scans the triplet 

code during translation elongation (17), two of the three ribosomal binding sites are always 

occupied by tRNAs. Translation initiation positions the tRNA that decodes the start codon at 



the P site, while the second codon resides at the A site. The second codon is decoded by an 

incoming aminoacylated tRNA which triggers polypeptide synthesis. The amino acid chain of 

the P site tRNA is transferred to the amino acid of the A site tRNA by a peptidyl transferase 

reaction that is catalyzed by the ribosome. A conformational change of the ribosome triggers 

the shift of the tRNAs from P-to-A and A-to-P and moves the ribosome with the free A site to 

the next codon. Translational elongation lasts until one of the stop codons is reached. Stop 

codons are not decoded by a tRNA, but elicit the binding of release factors. Finally, the 

polypeptide chain is liberated from the P site tRNA 

1.1.2 Characteristics of prokaryotic gene expression 

There are substantial differences between prokaryotic and eukaryotic gene expression. 

Prokaryotic genes are often organized as operons (18), which are transcribed as 

polycistronic mRNAs and encode a cluster of ORFs. All bacterial transcriptional processes 

are performed by one RNA polymerase (19). There are two major mechanism of transcription 

termination, termed rho-dependent and rho-independent transcription termination (20). Rho-

independent terminators are encoded on the genomic level and their transcription results in a 

defined RNA sequence, which folds into a hairpin loop followed by an U-rich sequence. 

When the RNAP encounters such a structure, transcriptional pausing and the release of the 

RNA transcript from the transcriptional complex are fostered (21). Second, rho-dependent 

termination occurs when the protein factor rho, which travels along the newly transcribed 

RNA strand, destabilizes the RNA-DNA complex and thereby releases the RNA transcript 

(22). In contrast to eukaryotic mRNA transcripts, bacterial mRNA transcripts are usually not 

further modified after transcription termination.  

One of the trademarks of prokaryotic gene expression is the occurrence of transcription and 

translation in the same compartment, called cytoplasm. Importantly, both processes are 

directly coupled to each other (23). While the mRNA is synthesized by the RNAP, ribosomes 

already assemble on the mRNA. Both processes are highly coordinated with identical rates 

for transcription and translation, which prevents the mRNA to become single stranded and 

therefore protects the mRNA from endonucleolytic cleavage. In prokaryotes ribosome 

assembly is determined by a conserved purine-rich sequence, termed Shine-Dalgarno 

sequence, that precedes the start codon (usually AUG) with a distance of 4 to 14 nucleotides 

(14). The Shine-Dalgarno sequence is able to form basepairs with a sequence element at the 

3‟-terminus of the 16S rRNA. The efficiency of translation initiation is determined by the 

degree of complementarity of the SD-sequence to the antisense sequence of the 16S rRNA 

and secondary structures in the mRNA that sequester the SD-sequence (24; 25). The 

binding of the small 30S ribosomal subunit initiates a cascade of events. In the presence of 

the formyl-methionine tRNA for the decoding of the start codon, three protein factors 



 

(Initiation factors: IF1, IF2, and IF3), GTP as source of energy and the large ribosomal 

subunit are recruited to form the 70S ribosomal complex. 

1.1.3 Characteristics of eukaryotic gene expression 

In contrast to prokaryotic gene expression, eukaryotic transcription and translation occur at 

spatially distinct sites. Eukaryotic transcription takes place in the nucleus and is carried out 

by three distinct RNA polymerases (26). The choice of the RNAP is determined by the 

promoter. Usually, the fate of the RNA transcript is associated with a specific type of the RNA 

polymerase, e.g. messenger RNAs are transcribed by RNAP II, the ribosomal 5.8S, 18S and 

28S rRNAs are transcribed by RNAP I, and tRNAs and other small RNAs majorly by 

RNAP III. Eukaryotic mRNAs are mono-cistronic and severely modified, which includes the 

attachment of a 5‟-cap and the polyadenylation of the 3‟-terminus (27). Both modifications 

are important for mRNA stability, nuclear export, and they attract factors involved in 

translation initiation. The 5‟-cap is attached while transcription is ongoing and consists of a 7-

methylguanylate that is linked via a 5‟-to-5‟ triphosphate linkage to the terminal 5‟-nucleotide 

of the mRNA (28). In addition, the 2-OH groups of the first two ribose groups are methylated. 

Polyadenylation of the 3‟-end is directly coupled to RNAP II transcription termination (27). 

A consensus sequence within the 3‟-UTR of the mRNA induces a protein complex to first 

cleave off the 3‟-termius of the mRNA and subsequently to synthesize the poly(A) tail (29). 

The matured mRNA is then exported to the cytoplasm where translation takes place. In 

contrast to RNAP II, transcription termination by RNAP I and RNAP III is based on alternative 

mechanisms, which are more closely related to the prokaryotic mechanisms (30; 31). 

RNAP III transcription is terminated similarly to the rho-independent termination in 

prokaryotes, whereas RNAP I requires a protein factor for termination comparable to the rho-

dependent mechanism in prokaryotes. Eukaryotic translation is carried out in the cytoplasm. 

After nuclear export, the small ribosomal subunit binds in concert with eukaryotic translation 

initiation factors to the 5‟-cap of the mRNA and the complex starts to scan the 5‟-UTR for the 

first AUG start codon (32). Decoding of the start codon induces the assembly of the 80S 

ribosomal complex in a GTP-dependent fashion. The start codon always codes for 

methionine and translation elongation succeeds until a stop codon is reached. 

1.2 Natural regulation of gene expression 

Cellular systems maintain growth, differentiate into defined cell types, respond to 

environmental perturbations, and adapt to new energy sources by tightly balancing gene 

expression. Therefore, cells have evolved complex regulatory networks to control the spatial 

and temporal expression of gene products. Each individual gene is generally subjected to 

multiple layers of regulation, in which various factors act in concert. Gene regulatory 



processes are mediated by the interplay of small molecules, proteins, nucleic acids, and 

physicochemical stimuli (33-35).  

In general, regulation of gene expression is categorized into two classes: Protein-dependent 

and protein-independent mechanisms, which are capable to modulate gene expression at 

any stage of gene expression in between transcription initiation and post-translational 

modifications. In the following, the most prominent example of a protein-dependent 

mechanism, the class of transcription factors, is described. Other protein-dependent 

mechanisms are not further detailed, because they are not subject of this thesis. In particular, 

mechanisms of protein-independent regulation will be outlined. The focus lies in describing 

the mechanisms of RNA-based regulation, especially by riboswitches and ribozymes.  

1.2.1 Gene regulation by transcription factors 

A wide-spread mechanism of transcriptional regulation is based on transcription factors (35). 

Transcription factors are essential proteins found in all living organisms. They control the 

transcriptional rate of their cognate promoter by repressing or promoting the recruitment of 

the RNAP. In general, they are classified as activators or repressors, depending on whether 

the DNA/TF interaction turns on or turns off gene expression. A distinct feature of 

transcription factors is a DNA-binding domain for the sequence-specific interaction with their 

target DNA sequence, such as transcriptional enhancer, upstream activator sequences or 

promoter sequences (36). Usually, a TF possesses additional functional domains for the 

sensing of cellular or environmental signals and for the interaction with other TFs, the RNAP, 

non-coding RNAs, and proteins that shape the DNA structure. Transcription factors have 

been reported that respond to diverse chemical structures and environmental conditions 

including osmolarity, cellular pH, temperature, metal ions, energy supply, antimicrobial 

agents and oxygen levels (37; 38). 

It is estimated that 5 to 10 % of the protein coding genes in metazoans are involved in 

transcriptional regulation (33). Comparable high numbers are found in Escherichia coli (39). 

While the yeast and E. coli genome encode about 300 TFs, in C. elegans and Drosophila 

more than 1,000 TFs, and in humans about 3,000 TFs are found (33). Often, transcription 

factors are able to interact with each other and more than one transcription factor is involved 

in the regulation of an individual gene. Combinatorial control results in vast amount of 

possibilities and contributes to a high diversity of genetic responses. Complexity is further 

increased by other protein-dependent and protein-independent mechanisms affecting 

chromatin structure, translational regulation, the half-life of mRNAs and post-translational 

protein modifications. 



 

In prokaryotes, transcriptional repressors bind to their target DNA sequence and impair the 

binding of the RNAP to the -35 and -10 region of the promoter (40). When a stimulus 

decreases the affinity of the TF for its target site, the RNAP is able to bind to the promoter 

and transcription is initiated. In contrast, activators generally bind to the DNA region that 

precedes the promoter (41). Mechanisms of transcriptional activation rest upon promoting 

the recruitment of the RNAP or supporting the progression of the transcriptional machinery 

from the promoter into the transcribed DNA. 

The lac operon is an example for a prokaryotic gene regulatory unit that combines the 

mechanisms of transcription activation and repression. The lac operon belongs to the best 

studied genetic systems of prokaryotic gene regulation and was initially described by Jacob 

and Monod in 1961 (18). The lac operon encodes three genes important for the 

metabolization and the uptake of lactose that are controlled by LacI repressor and by the 3‟-

5‟-cyclic adenosine monophosphate (cAMP) receptor protein (CRP). The binding of 

tetrameric LacI to the lac promoter prevents the expression of lactose transporting and 

metabolizing proteins in the absence of lactose. The presence of lactose or isopropyl β-D-1-

thiogalactopyranoside (IPTG) is sensed by the tetrameric LacI and allosterically decreases 

the affinity of the repressor to its DNA target site. Dissociation of LacI initiates the assembly 

of the transcription initiation complex. However, the primary energy source is glucose, which 

is coupled to the activity of the CRP via regulation of cAMP levels. The availability of glucose 

results in low cellular cAMP concentrations and a low affinity of CRP to its DNA target site. 

Transcriptional activation of the lac operon is induced when LacI does not repress 

transcription and cAMP increases the affinity of the CRP activator for its target site due to the 

absence of glucose. 

1.2.2 RNA as regulatory molecule 

RNA-dependent mechanisms play an important role in various gene regulatory mechanisms 

and cellular functions (9). In 1989 the Nobel Prize for Chemistry was awarded to Sidney 

Altman and Thomas Cech for their discovery of ribozymes in the early 1980s proofing that 

RNA itself is able to catalyze chemical reactions (42; 43). Craig Mello and Andrew Fire were 

honored with the Nobel Prize for Physiology or Medicine in 2006 for the discovery of the RNA 

interference pathway, which is abundant in eukaryotes (44). Antisense control by small RNAs 

is also a common mechanism in prokaryotes (45; 46). A decade ago, another class of RNA-

based regulation, termed riboswitches was discovered (47; 48). In addition, many 

prokaryotes have acquired an RNA-based mechanism, termed Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) system, that provides a form of acquired 

immunity (49).  



1.2.2.1 Regulation by base pairing small RNAs 

Small RNAs have been detected in almost all kingdoms of life and are involved in various 

cellular processes including virulence, stress response, quorum sensing, and differentiation 

(50). Small RNAs that exert their function by base pairing with a nucleic acid target to 

regulate RNA processing and decay, as well as transcriptional and translational processes. 

In addition some sRNAs interact with proteins to modulate their function. Bacterial small 

RNAs are usually 50 to 500 nucleotides in size and sub-grouped into cis-encoded and trans-

encoded sRNAs based on their genetic encryption (50). A widely-used mechanism of sRNAs 

is the interaction with target mRNAs via base pairing, which regulates translation or 

influences the stability of the target RNA. Cis-encoded sRNAs are encoded on the antisense 

strand of their target gene and are transcribed from a promoter directed reverse to the target 

gene promoter. Gene regulatory function is executed by basepairing the fully 

complementarity domain of nucleotides to their target mRNA. In contrast, trans-encoded 

sRNAs are encrypted at a distant genomic locus of their target. They are diffusible and reveal 

only partial complementarity to their target mRNA, which allows them to control the 

expression of multiple genes. Trans-encoded sRNAs can activate translation by melting 

inhibitory secondary structures that sequester the ribosomal binding site. In addition, other 

sRNAs acting in trans form base pair interactions with the ribosomal binding site that block 

ribosome assembly. Bacterial sRNAs are often associated with the Hfq chaperone, which 

protects sRNAs from nucleolytic digestion, which promotes the interaction with their targets, 

and which recruits additional protein factors (51-53). A frequently found mechanism is the 

attraction of RNase E that induces mRNA cleavage and suppresses gene expression (54). 

1.2.2.2 Regulation by riboswitches 

Riboswitches are a class of highly structured RNA-based genetic switches that control gene 

expression without the requirement for protein factors (55). During the last decade the 

importance of riboswitches was revealed as abundant mechanism of gene regulation in 

prokaryotes, but also existing in eukaryotic organisms. Riboswitches allosterically control the 

fate of an mRNA transcript upon selectively binding a ligand. Riboswitches possess a highly 

modular architecture composed of an aptamer domain and an expression platform. The 

aptamer domain acts as a sensor for ions and small metabolites. Ligand binding induces a 

conformational re-organization of the adjoining expression platform (see Fig. 1.1), thereby 

regulating transcription (56-58), translation (59; 60), splicing (61) and the stability of the 

mRNA (62). 



 

 

Figure 1.1. Schematic representations of riboswitch mechanisms for controlling 

gene expression. A) Transcription termination is the most common form of riboswitch 

regulation and relies on controlling the formation of a terminator helix upon binding of a 

ligand to the aptamer domain. RNA transcription by the RNA polymerase proceeds when 

the terminator helix is not formed due to the interaction of an anti-terminator sequence, 

which is located in the aptamer domain, with sequence elements of the terminator helix. 

Transcription is aborted when the terminator helix is formed and the RNA polymerase 

transcribes the U-rich domain flanking the terminator helix. B) Translation initiation is 

controlled by exposing or occluding of the SD site upon ligand binding to the aptamer 

domain. Gene expression is suppressed when the SD sequence is sequestered by an 

anti-SD sequence. However, gene expression is induced when an anti-anti-SD sequence 

that is part of the aptamer domain interacts with the anti-SD, thereby freeing the SD 

sequence. C) In A. thaliana a riboswitch regulates the function of sequence elements that 

control splicing. The riboswitch is located within the 3‟-UTR of the THIC gene and intron 

removal is coupled to mRNA stability by removing a processing signal. A/B according to 

(55) and C according to (63). 

 



Transcriptional control relies either on directing Rho-dependent regulation (58), or on 

structurally rearranging the stem-loop for transcription terminator (see Fig. 1.1 A) (57). In 

general, ligand binding to the aptamer domain represses transcription (47), e.g. the TPP and 

FMN riboswitches of B. subtilis. Activation of transcription upon ligand binding is found less 

frequently, but was reported for the adenine (57) and the glycine riboswitch (56). On the 

other hand, riboswitches control translation by occluding or exposing the ribosomal binding 

site in response to ligand-binding by the aptamer domain (see Fig. 1.1 B). For example the 

S-adenosyl-homocysteine riboswitch ahcY activates translation upon ligand binding (59), 

whereas an adenosylcobalamine (64) and a TPP riboswitch (60) repress translation, when 

cellular ligand concentrations are sufficiently high . 

Some riboswitches are characterized by a second aptamer domain that is arranged in 

tandem (65). Some tandem riboswitches possess two aptamers with affinities for the same 

ligand. An example is the glycine riboswitch and it is assumed that it binds to its ligand based 

on a cooperative binding mode (56). In contrary, other tandem riboswitches, for example the 

metE riboswitch, possess aptamer domains with different ligand specifities (65). Signal 

integration of multiple inputs enables the regulation of gene expression in a computational 

fashion. 

1.2.2.3 The glucosamine-6-phosphate riboswitch: a ribozyme that cleaves 

RNA 

A ubiquitous type of riboswitch is constituted by the glucosamine-6-phosphate (glmS) 

riboswitch that is found in B. subtilis (66). The glmS riboswitch senses glucosamine-6-

phosphate as input ligand, which acts as a cofactor for the cleavage of the RNA backbone. 

Hence, the glmS riboswitch represents a ribozyme. Autocatalytic cleavage results in a 5‟-

fragment with a 3‟-terminal 2‟-3‟-cyclic phosphate group and a 3‟-fragment with a 5‟-terminal 

hydroxyl group. The 5‟-fragment is exonucleolytically digested by the RNase J1, which 

selectively senses the 5‟-OH group of the RNA backbone (67). 

1.2.2.4 Structure and mechanism of catalytic RNA and the distribution of the 

hammerhead ribozyme motif 

Until the early 1980s the paradigm was manifested that exclusively proteins catalyze cellular 

chemical processes. The paradigm changed when ribozymes, catalytic RNA elements that 

perform chemical reactions, were discovered (42; 43). The discovery of ribozymes supports 

the RNA-world hypothesis which implies RNA as the initial cellular macromolecule for 

information storage and replication and for the origin of life (68). First, Thomas Cech 

demonstrated that the group I intron found in Tetrahymena termophila undergoes a splicing 



 

reaction without the requirement for protein factors (42). In contrast, Sidney Altman studied 

the maturation of precursor tRNAs by Ribonuclease P and proofed the essential of an RNA 

component for the processing of precursor tRNAs (43). For their pioneering work on RNA as 

catalytically active macromolecule in the early 1980s, Sidney Altman and Thomas Cech were 

honored with the Nobel Prize. By now various other classes of naturally occurring ribozymes 

have been discovered including the ribosome that catalyzes the peptidyl-transferase reaction 

and small nucleolytic ribozymes (68). Small endonucleolytic ribozymes catalyze the cleavage 

and ligation of the RNA backbone. Members of this class include the Hairpin (69), the 

hepatitis delta virus (HDV) (70), the Varkud satellite (VS) (71), the glmS (72), the 

hammerhead (HHR) (73), and the twister (74) ribozymes.  

 

Figure 1.2. Structural features of the hammerhead ribozyme motif. A) The consensus 

sequence of the HHR motif possesses a secondary structure in which three helices 

radiate from a conserved catalytic core. Helices are either closed by a terminal loop or 

serve as connection to the RNA backbone. Red nucleotides are highly conserved. The 

arrowhead marks the cleavage side. B) General mechanism of the phosphodiester 

cleavage of the HHR. C-F) Three different topologies of the HHR motif exist. They are 

termed according to their open stem as type I, type II and type III. Tertiary interactions 

between stem I and stem II are important for accelerated cleavage under physiological 

conditions. C) Kissing loop interactions that involve non-Watson/Crick interactions 

stabilize the catalytic fold of the HHR motifs. D) Pseudoknot interactions featuring 

canonical basepair interactions that stabilize the type I HHR motif. E) Pseudoknot 

interactions that stabilize the type II HHR motif. F) Pseudoknot interaction that stabilizes 

the type III HHR motif. A according to (75), B taken from (76) (© PLoS Biology) and C-F 

according to (77).  



All endonucleolytic ribozymes cleave the RNA by catalyzing an internal transphosphorylation 

reaction in the presence of divalent metal ions resulting in a 5‟-fragment with a 3‟-terminal 2‟-

3‟-cyclic phosphate group and a 3‟-fragment with a 5‟-terminal hydroxy group (see Fig. 1.2 

B). 

The HHR is the best biochemically and structurally studied small endonucleolytic ribozymes 

to date (77). It was initially found in plant viroids (78) but recent studies indicate its wide-

spread occurrence throughout all kingdoms of life (see Fig. 1.3) (75; 79-81). The catalytically 

active minimal HHR motif is composed of three helical stems that radiate from a highly 

conserved catalytic core (see Fig. 1.2 A) (82). The HHR catalyzes the scission of the 

phosphodiester backbone based on a Sn2-like mechanism by a nucleophilic attack of the 

C17 2‟O on the adjacent phosphate group (see Fig. 1.2 B). The resulting 5‟-cleavage product 

carries a 2‟-3‟ pentacyclic phosphate and the 3‟-product a 5‟-OH group. Extensive studies on 

the minimal HHR motif delivered important insights into the biochemistry of the autocatalytic 

cleavage reaction and the structural organization of the catalytic core, but gave rise to 

ambiguous results concerning the mechanisms because biochemical and crystallographic 

data were not in accordance with each other (83). In addition, cleavage by the minimal motif 

requires much higher Mg2+ concentrations as found in the cellular context. However, naturally 

occurring HHRs are characterized by tertiary interaction between an extended stem I and 

stem II that stabilize the catalytically active conformation (73; 84). The full-length HHR attains 

1000-fold increased catalytic activity in comparison to the minimal motif and efficiently 

catalyzes the cleavage reaction at physiological Mg2+ concentrations. The HHR motif occurs 

as permutated variants in nature. It is grouped according to the stem that connects it to the 

RNA backbone (see Fig. 1.2 C) (75). In type I HHRs the stem loops II and III are closed while 

stem I is linked to the residual RNA. According to this scheme, class II and class III HHRs 

have been found in diverse organisms (75; 79-81). Another characteristic of natural HHR is 

the way how tertiary interactions between stem I and stem II are built up (see Fig. 1.2 C-F). 

Interactions are either based on pseudoknot structures that are characterized by the 

canonical base pairing of several consecutive nucleotides. On the other hand, kissing loop 

complexes exist, which make use of Watson/Crick base-pairing and non-canonical 

interactions. 

The function of most natural HHRs remains mysterious and a central question of on-going 

research (77). Exceptions are the HHRs found in viroids and plant viruses which are required 

for the processing of monomeric genomic RNA transcripts during genome replication (85). 

Genomic analyses indicate that many HHR are located at defined genomic loci, such as 

transposons, intragenic regions of operons, and within clusters of tRNA transcripts (75; 77; 

86). 



 

 

Figure 1.3. Phylogenetic distribution of the HHR motif. Adapted from (75) (©PLOS 

Computational Biology). 

1.3 RNA synthetic biology 

Synthetic biology is an emerging discipline that introduces engineering principles into the 

field of applied life sciences to solve future challenges in the field of biomedicine, 

environment, therapeutics and renewable energy sources (1). The first wave of synthetic 

genetic applications was based on genetic networks that were interconnected by 

transcription factors. Over the last decades basic research demonstrated the role of RNA as 

versatile genetic regulator that intervenes at any step of gene expression (9). The precise 

mechanisms how regulatory RNA executes its functions and the structural, functional and 

biophysical determinants that rule these processes are disclosed at accelerating pace (2). 

The substantial progress in RNA biology that relies on revolutionizing methods such as high-

throughput techniques based on next-generation sequencing and bioinformatics 

advancements is the main driving force of the quickly developing field of RNA synthetic 

biology.  

In contrast to synthetic transcription factors, RNA elements are characterized by a high 

degree of modularity which facilitates the reprogramming of RNA function (87). For example, 

the ligand specificity of an artificial riboswitch can be altered by exchanging the aptamer 

domain (88; 89). Another important feature includes that riboswitches require minimal 

genomic space for their encryption in comparison to protein factors. Next, riboswitches act in 

cis and therefor have the advantage, that they solely control one target gene. On the contrary 

trans-acting factors, including TFs, small RNAs and micro RNAs, usually target more than 

one site. They have the advantage of being diffusible and can act on the genome wide scale. 

However, reprogramming the ligand-selectivity of trans-acting factors often results in off 



target effects and can cause detrimental cellular responses (90; 91). In addition, most 

genetic networks require a defined stoichiometry of the trans-acting factor to its target site 

(92; 93). Often, the ratio is highly influenced under fluctuating environmental conditions, 

which makes the application of gene regulation in trans disadvantageous. Another 

characteristic of trans-acting factors is that they always consist of at least two components, 

the actuator and its target site, which requires the genetic modification of at least genomic 

loci, thereby limiting the construction of multi-component systems. This paragraph reports 

highlights of artificial RNA-based genetic switches. In particular, advances in the generation 

of small RNA-mediated gene regulation and artificial riboswitches are presented. Of special 

interest are genetic switches that make use of the HHR motif as the expression platform.  

1.3.1 Small RNA-mediated regulation of gene expression 

Riboregulators are a class of artificial RNA-based genetic switches that are inspired by 

prokaryotic trans-encoded small RNAs (94). As their natural counterparts riboregulatotors are 

composed of two parts: A cis-element of the mRNA that either represses or activates 

translation and a small trans-acting RNA (taRNA) that targets the cis-element to manipulate 

the translational output. The first example of synthetic riboregulation was reported by Collins 

and coworkers, who designed the 5‟-UTR of a bacterial mRNA in a way, that the RBS is 

sequestered within a stem loop structurally to repress translation initiation (see Fig. 1.4) (94). 

Activation of translation is controlled by the expression of engineered small RNAs, termed 

taRNA, which is able to hybridize to the cis-repressive stem loop structure to expose the 

RBS. Riboregulatory systems have been used to build a genetic counter (95) and the 

development of orthogonal riboregulatory systems resulted in the construction of a genetic 

switchboard (96). Noteworthy, computer-aided design (CAD) facilitates the development of 

orthogonal riboregulatory systems (97). 

Recent endeavors in the field of RNA synthetic biology resulted in the development of 

additional strategies for improved artificial riboregulation. Natural bacterial sRNA regulation 

often requires the presence of the Hfq protein. Man et al. rationally assembled artificial 

riboregulatory systems and demonstrated that the rational integration of an Hfq binding site 

into the taRNA can drastically improve repression of gene expression (98). Yokobayashi and 

coworkers developed a high throughput screening procedure to identifiy synthetic small 

RNAs that are capable to suppress endogenous gene expression (99). In addition, genetic 

switches based on transcriptional attenuator sequences have been rationally designed by 

Arkin and coworkers (100). The genetic device is based on the natural aureus plasmid pT181 

copy number control element that was inserted into the 5‟-UTR of an mRNA. Interaction of 

the attenuator with an antisense RNA forces the RNA to fold into a transcription terminator 

that is non-functional in the absence of the anti-sense RNA. In addition, Arkin and coworkers 



 

introduced the RNA-IN-/RNA-OUT system for artificial translational regulation into the field of 

synthetic biology (101). A high-throughput approach was performed to identify orthogonal 

variants of the transposon IS10 by mutating the nucleotides involved in RNA-RNA 

interaction. By developing a statistical model the function of variable RNA-IN/RNA-OUT pairs 

can be predicted. 

 

Figure 1.4. Artificial riboregulatory system controlling translation initiation in 

E. coli. A cis-repressed reporter eGFP gene features a domain in the 5‟-UTR that 

sequesters the RBS leading to translational repression. The binding of a trans-acting 

RNA to the crRNA leads to the exposure of the RBS and translation initiation. Figure 

according to (94). 

1.3.2 Artificial riboswitches 

Artificial riboswitches are cis-acting genetic switches with various synthetic biology 

applications, including biocomputing, therapeutics and metabolic engineering (3). As their 

natural counterparts they consist exclusively of RNA and are characterized by a common 

architecture composed of a sensor unit and an expression platform. Aptamers belong to a 

class of sensor units that selectively bind small molecules, proteins, or ions. Sources for 

aptamers are either natural riboswitches (55) or they can be artificially generated by a 

procedure called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) (102; 

103). The expression platform is composed of a processing unit that integrates signals of the 

aptamer domain and transmits them to the actuator unit, which controls transcription, 

translation, splicing, or the stability of the RNA. Often artificial expression platforms exert 

their function by occluding or exposing a critical RNA domain such as the ribosomal binding 

site (3).  

The first example of an artificial riboswitch was reported by Werstuck and Green in 1998 

(104) even before the discovery of natural riboswitches in 2002 (47; 48). Werstuck and 



Green inserted aptameric sensor domains for a Hoechst dye into the 5‟-UTR of a mammalian 

reporter gene. Translational repression of the reporter gene was observed in the presence of 

the ligand, which was caused by blocking translation. It was the first demonstration that RNA 

domains can be rationally assembled to elicit a defined cellular response in a small molecule-

dependent manner. Inspired by the first artificial riboswitches and by the discovery of natural 

riboswitches, Suess et al. engineered synthetic riboswitches in E. coli and S. cerevisiae (105; 

106). The integration of a tetracycline aptamer in close proximity to the 5‟-cap or upstream to 

the start codon of a yeast reporter gene yielded artificial ligand-dependent switches 

interfering with translation initiation (105). Within a second study the same group used 

rational design to engineer a theophylline-dependent riboswitch that is allosterically 

controlled by means of a helix slipping mechanism to expose the RBS of a reporter gene in 

E. coli (106). There are also examples for artificial riboswitches that exert their function on 

the transcriptional level. Liu and coworkers used the yeast-three-hybrid screen to identify 

RNA domains that act as transcriptional activators (107). Transcription activating 

riboswitches were generated by performing a second screening of a randomized library, in 

which a tetramethylrosamine aptamer was attached to the transcription activating domain via 

a randomized linker region (108). Recently, Wachsmuth et al. applied a new strategy for the 

generation of transcription activating riboswitches in E. coli (109). Artificial riboswitches were 

obtained by screening a library of sequences with a randomized linker region between the 

theophylline and a synthetic expression platform controlling transcription. In addition, the 

Batey group reported artificial chimeric riboswitches characterized by a naturally occurring 

expression platform controlling transcription to which an aptamer domain is fused (110; 111). 

Riboswitches that either induce or abort transcription can be engineered depending on the 

type of the chosen expression platform. Importantly, riboswitches with diverse ligand 

selectivites were engineered by coupling various aptamer domains to the expression 

platform, which demonstrates the high modularity of the applied strategy.Another strategy to 

control gene expression is to gain control over the splicing reaction. In eukaryotes sequence 

elements located at the 5‟-splice site, 3‟-splice site, or the branch point are important 

determinants for the splicing reaction. Artificial riboswitches that regulate the rate of splicing 

can be engineered by the insertion of an aptamer at any of these three sites (112-114). 

Similarly, the Tetrahymena thermophilus group I intron can be used to control splicing in 

bacteria (115). The rational implementation of the theophylline aptamer enabled the 

construction of ligand dependent group I introns.  

Whereas for model organisms the genetic mechanisms are well understood and there are 

diverse strategies to manipulate gene expression, this is not the case for many other 

organisms of industrial importance. Organism-specific factors often result in the loss-of-

function of TF-based systems. Artificial riboswitches are a promising class of gene regulatory 



 

elements that can be applied in poorly studied organisms because their mechanism of 

function is exclusively RNA-dependent and does not require protein factors. 

1.3.3 Artificial riboswitches based on the hammerhead ribozyme motif 

Ribozymes are valuable RNA motifs for biotechnological and synthetic biology applications 

due to their intrinsic catalytic activity (116). Of particular interest is the HHR motif because it 

is very small in size and efficiently cleaves in vivo. The small endonucleolytic HHR motif has 

been comprehensively studied, and by now, there is comprehensive knowledge about its 

structure and mechanims. Of particular interest is the search for small molecule effectors of 

ribozyme cleavage because allosteric ribozymes are a powerful tool for the engineering of 

artificial riboswitches and the construction of biosensors. Initially, scientists tried to engineer 

ribozyme-based genetic switches by the implementation of the minimal HHR motif into a 

reporter gene. However, the minimal HHR displays poor activity at physiological conditions 

(117). In contrast, natural occurring HHRs possess tertiary interactions between stem I and 

stem II that are crucial for intracellular activity (84; 117). Mulligan and coworkers made use of 

the full-length HHR to control the expression of a mammalian reporter gene (118). 

The rational behind their approach was to insert the HHR within a reporter gene to cleave off 

either the 5‟-cap or the poly(A) tail, which are both very important structures for mRNA 

integrity in eukaryotes. They positioned the Schistosoma mansoni HHR within the 5‟- and 3‟-

UTR and observed the most drastic repression of gene expression, when the 5‟-cap was 

cleaved off. HHR-dependent translational repression could be reverted by the addition of 

nucleoside analogas to the growth medium. The RNA polymerase consumes the nucleosides 

as a substrate for polynucleotide synthesis, which subsequently causes the reduction of the 

cleavage activity. Small molecule libraries have been extensively screened in vitro and in 

vivo for interfering with HHR catalysis (119; 120). An important finding of the in vivo 

screening was that most of the identified compounds affecting gene expression acted as 

nucleoside analogas. In contrast, many compounds that interfered with ribozyme catalysis in 

vitro did not affect reporter gene expression in vivo. The administration of nucleoside 

analogas for gene regulation is disadvantageous. Nucleoside analogas are a general 

substrate of the RNAP and therefore non-selectively incorporated into any cellular RNA. 

Thus, the function of many other functional RNAs is impaired, which may cause severe 

cellular distortions. In addition, the concept of using nucleoside anlogas is limited because it 

does not allow for the independent control of orthogonal ribozyme-based genetic switches 

that are assembled within genetic networks. 

  



 

Figure 1.5. Artificial aptazyme devices for ligand-dependent gene expression in 

E. coli. A) Translation initiation is regulated by inserting the aptazyme sequence in a way 

that an extended stem I of the HHR sequesters the RBS resulting in repressed gene 

expression. Endonucleolytic cleavage separates the RBS from its competing strand and 

triggers ribosomal assembly. B) Aptazyme-based regulation of tRNA function. The typical 

cloverleaf structure of an amber suppressor tRNA is distorted by the attachment to an 

aptazyme. Due to the structural distortion, the amber stop codon within the mRNA is not 

decoded resulting in premature termination of translation. Cleavage of the aptazyme 

liberates a functional tRNA able to decode the amber stop codon. C) Aptazyme-mediated 

regulation of 16S rRNA function. Insertion of a catalytically inactive apatzyme into helix 6 

of the 16S rRNA does not interfere with gene expression. Ligand-induced cleavage of the 

ribozyme results in a non-functional 16S rRNA. 

  



 

Aptazymes are fusion products of an aptamer domain and a ribozyme domain, which are 

capable to cleave the RNA backbone in a ligand-dependent fashion (121). Aptazymes were 

first reported by Tang and Breaker who rationally designed allosteric aptamer-ribozyme 

complexes using SELEX-derived aptamers for ATP and theophylline and the minimal HHR 

motif (121).  

However, allosteric ribozymes that are based on the minimal HHR motif are not suitable for 

in vivo applications due to the lack of tertiary interactions between stem I and stem II. 

Win and Smolke rationally designed aptazymes that respond to theophylline and tetracycline 

in S. cerevisiae (122). Their design strategy relies on attaching the aptamer to stem II of the 

sTRSV HHR. Artificial riboswitches are obtained by inserting the aptazymes into the 3‟-UTR 

of a reporter gene. The mechanism of switching ribozyme catalysis is based on the slippage 

of strands that leads to the destruction of the tertiary interactions between stem I and II in the 

case of ON-switches of gene expression and of the reconstitution of the tertiary interaction 

for OFF-switches. Initially designed switches displayed a weak gene regulation by a factor of 

4. Recent studies demonstrated that the switching capability can be further improved from 4- 

to 6-fold by the optimization of the tertiary interactions (123). The potential of HHR-based 

artificial genetic switches is demonstrated by their applications in the field of biocomputing. 

Aptazymes can be designed to integrate multiple signals. Win and Smolke reported genetic 

devices based on the HHR that perform Boolean logic operations (124). Hartig and Wieland 

utilized the HHR for the construction of artificial riboswitches in E. coli (see Fig. 1.5 A) (125). 

The S. mansoni type I HHR was reengineered to occlude the RBS by an antisense sequence 

within an extended stem I. Cleavage of the HHR results in two fragments and the liberation 

of the ribosomal binding site. Importantly, the stability of the 3‟-transcript is increased in 

E. coli because the unique 3‟-OH group is not sensed by an exonuclease in E. coli (126). 

Aptamers, selective for theophylline and TPP, were attached to stem III (89; 125). A crucial 

determinant for the generation of powerful switches is the optimization of the connection 

sequence between the aptamer and HHR domain. Therefore, an aptazyme library, in which 

the connecting sequence was randomized, was screened by comparing the expression 

levels of the reporter gene in the presence and absence of the ligand.  

Ausländer et al. transferred a theophylline-dependent aptazyme that was initially screened in 

E. coli into mammalian cells (see Fig. 1.6 A) (127). The aptazyme was positioned within the 

5‟-UTR of a luciferase reporter gene and downregulated as expected reporter gene 

expression in response to theophylline. For the generation of aptazymes with improved 

switching performance Ausländer et al. developed a screening platform. The improved 

variant of the theophylline aptazyme was used by the Nettelbeck group to control genes that 

were carried in viral vectors or by oncolytic viruses (128; 129). 



 

Figure 1.6. Eukaryotic artificial aptazyme devices for ligand-dependent gene 

expression. A) In mammalia and yeast messenger RNA stability can be controlled by 

inserting the aptazyme into the 3‟- or 5‟-UTR of a reporter gene. A catalytically inactive 

HHR does not interfere with gene expression. Ligand-dependent cleavage of the HHR 

cleaves off the 5‟-cap or the poly(A) tail resulting in decreased cellular half-life of the 

mRNA. Gene expression is reduced. B) Aptazyme-mediated regulation of RNA 

interference in mammalian cells. The aptazyme is attached to the 5‟-end of a pri-miRNA. 

An extended 5‟-sequence of the aptazyme inhibits maturation of the pri-miRNA. Cleavage 

yields a pri-miRNA that can be processed for knockdown of gene expression via the 

RNAi pathway. 

Aptazyme can also be inserted into other functional RNA and can be applied to control tRNA 

processing (see Fig. 1.5 B) (130), the integrity of the 16S ribosomal subunit (see Fig. 1.5 C) 

(131) and the maturation of primary miRNAs (see Fig. 1.6 B) (132). Transfer RNAs are 

expressed as extended transcripts and are subsequently processed by exo- and 

endonucleases (130). For the development of switchable tRNAs the HHR was attached to 

the 5‟-end of a serine tRNASer which was structurally distorted by an upstream antisense 

strand. As it should not interfere with the endogenous system, an orthogonal tRNA was used 

able to suppress an amber stop codon located within a reporter gene. The higher the 

catalytic activity of the HHR, the more functional tRNAs are expressed, which results in an 

increase of reporter gene expression. Hartig and coworkers developed orthogonal tRNA 

switches for the insertion of different amino acids into the growing polypeptide chain (133). 

In addition switches that are triggered by either theophylline or TPP were generated. This 



 

allowed Saragliadis and Hartig to develop an artificial expression system, in which the amino 

acid identity at a defined position within a protein could be altered in dependence of a 

defined stimulus. For the development of a switchable 16S ribosomal subunit (131) the 

Hartig group made use of an artificial 16S rRNA that only translates mRNAs with a defined 

Shine-Dalgarno sequence, and therefore does not interfere with endogenous gene 

expression. Aptazymes were inserted at different ribosomal sites and the best aptazyme-

based regulation was obtained when positioned within helix 6. The Yokobayashi group 

developed switchable pri-miRNAs for the regulation of mammalian gene expression based 

on the design strategy applied for tRNAs (132). 

1.3.4 Generation and application of artificial riboswitches 

Realizing the potential of artificial riboswitches requires sophisticated methods for the 

evolution, screening and selection of randomized libraries within a high-throughput format. 

Usually, artificial riboswitches are created by either rational design or by the screening and 

selection of randomized libraries (134-138). There are examples of riboswitches in which the 

aptamer domain was rationally attached to the expression platform (106; 122). Often the 

engineering is facilitated by computational predictions of the secondary structure. Using 

Mfold analysis (139) Win and Smolke created allosteric HHRs based on a rational designed 

strand slippage (122). Similarly, the rational attachment of an aptamer sequence to a 

functional RNA at a defined position is often sufficient for rendering the respective functional 

RNA ligand-dependent (106). In addition, advances have been made in the development of 

genetic selection technologies and of high-throughput screening platforms for the generation 

of synthetic riboswitches. Diversified libraries of riboswitches have been analyzed by the 

application of robotics or FACS-based procedures (134; 135). Another powerful technology is 

based on in vivo selection methods and uses survival or motility as read-out. Yokobayashi 

and coworkers reported the use of a counter-selectable genetic marker in bacteria for the 

generation of theophylline and TPP-dependent riboswitches (136). Another approach for 

generating artificial riboswitches makes use of selecting cells depending on the motility of a 

cell (137). 



2. Aim of this Work 

Artificial riboswitches are a valuable tool for reprogramming genetic networks on the post-

transcriptional level and suitable for synthetic biology applications. Previously, the Hartig 

group described artificial riboswitches that use cleavage of the RNA-backbone by an 

aptazyme to control the fate of functional RNAs (125; 127; 130; 131). However, a more wide-

spread application of aptazyms as genetic switches was limited by their performance and by 

a small set of effector molecules, often requiring ligand concentrations in the toxic range. 

Therefore, the scope of this thesis was the generation of novel technologies that facilitate 

and improve the generation, as well as the performance of artificial riboswitches. 

The first part of this work investigates the construction of small RNA-dependent genetic 

switches that feature an engineered HHR as the expression platform. Bacterial gene 

expression is controlled by regulating the catalytic activity of the HHR with artificial small 

RNAs. For this purpose the rational reengineering of the HHR motif was challenged by 

attaching a trans-acting RNA-responsive element to the HHR. In addition several key 

requirements of riboregulatory systems should be investigated; including the differential 

expression of sRNA and target mRNA transcripts, 5´-processing of sRNAs, and the alteration 

of taRNA structure. By demonstrating that RNA is a well suited intracellular macromolecule 

to interconnect genetic switches, the study further provides a technology for the construction 

of more complex genetic networks. 

The second part of this work describes a high-throughput in vivo selection procedure in 

Saccharomyces cerevisiae that facilitates the screening of large sequence spaces for 

optimized riboswitches. Until now, state-of-the-art riboswitches displayed moderate 

regulatory performance and required ligand concentrations in the toxic range. To enhance 

switch performance, a novel strategy of attaching the aptamer to the ribozyme catalytic core 

was employed, thereby increasing the design options for rendering the ribozyme ligand-

dependent. The aim was the generation of switches that efficiently respond to 

aminoglycoside antibiotics, which show great potential for synthetic biology and therapeutic 

applications.  

In the third part of this thesis, the application of ribozyme-based genetic switches across 

different eukaryotic organisms was investigated. An intrinsic property of the HHR motif is the 

cleavage of the RNA backbone. Therefore, one can envision the application of ribozyme-

based genetic switches in various organisms. In this thesis, the application of ribozymes for 

artificial regulation of gene expression in A. thaliana and C. elegans is studied. 

 



 

3. Results and Discussion 

3.1 Rational design of synthetic HHR-based genetic switches 

that sense small RNAs in bacteria 

3.1.1 General considerations 

Previous studies demonstrated the application of aptazymes as genetic switches that sense 

diverse small molecules or changes in the temperature (89; 125; 140). We wondered 

whether RNA itself is an adequate substrate to control HHR activity in vivo. Small trans-

acting RNAs are a wide-spread class of functional RNAs that is found in many organisms 

(141). In addition first artificial riboregulatory systems had already been reported. 

For example, Collins and coworkers reported an artificial translational switch composed of a 

cis-repressed mRNA (crRNA) and a taRNA (see Fig. 1.4) (94). Translation initiation of an 

eGFP mRNA is repressed by the sequestration of the RBS within a stem loop structure. Only 

in the presence of a taRNA, which targets the inhibitory stem loop, the RBS is exposed, 

which leads to translation initiation. Furthermore, the minimal HHR motif was re-engineered 

by the attachment of additional domains to alter its catalytic activity upon hybridization to 

short oligonucleotides in vitro (142-144). For example, Breaker and Penchovsky rationally 

engineered ribozymes that performed Boolean logic computation in response to defined 

oligonucleotides (142). The rational behind their design was to couple two domains to the 

HHR, each able to interact with a defined oligonucleotide and each either stabilizing or 

destabilizing the catalytically active conformation of the HHR upon ligand binding. However, 

the reported examples are not suitable for in vivo applications because they are all based on 

the minimal HHR motif that lacks tertiary interactions between stem I and stem I important for 

enhanced catalytic activity in vivo. The Hartig group previously reported HHR-based genetic 

switches in E. coli that modulate the rate of translation initiation in dependence of ribozyme 

activity. Translation of an enhanced GFP (eGFP) reporter gene was repressed by the 

attachment of the full-length S. mansoni HHR (73; 145) upstream of the ORF in a way that 

the Shine-Dalgarno sequence is sequestered within an extended stem I of the HHR (see 

Fig. 1.5 A). Translation of eGFP is initiated when the SD-sequence is exposed due to 

ribozyme-dependent cleavage of the RNA backbone. Importantly, a single A-to-G point-

mutation within the catalytic core of the HHR is sufficient to prevent the catalytic cleavage 

reaction, hence, resulting in non-detectable eGFP expression (118). Conditional gene 

expression relies on the insertion of an additional RNA motif that either can be a small 

molecule-sensing aptamer domain or a thermo-responsive RNA domain (89; 125; 140).  



 

Figure 3.1. Mechanism of trans-acting small RNA controlling a hammerhead 

ribozyme. Expression of an eGFP reporter gene is post-transcriptionally controlled by a 

trans-acting RNA-responsive HHR (TR-HHR). An extended stem I of the TR-HHR 

sequesters the ribosomal binding site. In addition stem III harbors a trans-acting RNA-

responsive element (blue) which in the absence of a trans-acting RNA folds into a 

catalytically active ribozyme conformation. Autocatalytic cleavage (marked by an 

arrowhead) frees the RBS resulting in binding of the small ribosomal subunit and initiation 

of translation. Upon expression of a trans-acting RNA (red) a RNA-RNA hybrid between 

the complementary sequences (blue) within the taRNA and the TR-HHR is formed. 

A single-stranded seed region of the taRNA hybridizes to the complementary nucleotides 

located in the loop region of stem III. Full hybridization unzips stem III of the TR-HHR 

rendering the HHR catalytically inactive and repressing translation (© Oxford University 

Press). 

We envisioned the use of a S. mansoni HHR-based expression platform to construct artificial 

genetic devices that are controlled by small taRNAs. Applying RNA as a ligand has the 

advantage that the construction of orthogonal switches is facilitated because regulation is 

based on the basepairing of two RNA strands. In our previous design of small molecule-

dependent aptazyme switches, we attached an additional aptamer domain to stem III of the 

HHR (125). Similarly, we intended to fuse a taRNA-responsive element to stem III (see 

Fig. 3.1). The taRNA-reponsive element consists of a stem loop that forces the HHR into its 

catalytically active conformation in the absence of small taRNAs. Endonucleolytic cleavage 

exposes the SD-sequence resulting in ribosome assembly and translation of the mRNA. 

In contrast, a sufficiently high level of the taRNA results in the occupation of the taRNA-

responsive element by a taRNA. At first, a single stranded seed region of the taRNA forms a 



 

basepair interaction with the loop of the taRNA-responsive element. The interaction initiates 

the unzipping of stem III of the HHR due to the formation of additional basepairs between the 

taRNA and the taRNA-responsive element. Destabilization of stem III inhibits ribozyme 

catalysis, which represses translation of the eGFP reporter gene. 

3.1.2 Construction of an expression system 

Small molecules that are applied as triggers of aptazyme switches are administered by the 

addition to the growth medium (89; 125). They localize to their cellular target by either 

diffusion or active transport into the cell. In contrast, the application of a taRNA as regulator 

of HHR activity requires the host machinery for their transcription. Quantitative studies on 

natural sRNA-mediated gene regulation revealed that the sRNA needs to be in excess over 

its target mRNA for regulation (146; 147). For a better understanding, a scenario that does 

not take transcript stability into account is considered. If the transcription rate of the taRNA is 

higher as the rate of HHR-eGFP transcript, than most of the taRNA-responsive elements are 

occupied by a taRNA, and eGFP expression is repressed. Conversely, if the ratio taRNA 

levels to HHR-eGFP transcript decreases the number of catalytically active HHR increases, 

resulting in higher eGFP expression levels. To get enhanced control over taRNA and HHR-

eGFP transcript levels we constructed a genetic device in which each transcript was 

expressed under control of an inducible promoter. We made use of an IPTG-inducible 

promoter for the expression of the taRNA and an arabinose-inducible promoter for the 

transcription of the HHR-eGFP transcript. Both transcripts are transcribed from the same 

plasmid. Titration of IPTG and arabinose concentration allows for the optimization of the 

reaction conditions.  

3.1.3 Rational design of TR-HHR 

An important determinant for the successful construction of the envisioned riboregulatory 

system is the choice of the artificial small RNA and its target sequence. Ideally, the two units 

should be well characterized in respect to their structure and their function and should retain 

their activity when transferred into E. coli. The riboregulatory system reported by Collins and 

coworkers fulfilled these criteria best (94). Therefore, we decided to take the sequence 

domains of the riboregulator RR12, because it was reported to be the best performing 

taRNA/crRNA pair and it was used in follow-up studies (96; 148). 

First, we designed an artificial HHR variant, so that it contained a taRNA-responsive element. 

Many natural HHRs with a stable stem III are predicted to be highly active in vitro and in vivo. 

To preserve a high catalytic activity of our engineered HHR in the absence of taRNA we 

attached a stem loop derived from crR12 to stem III of the HHR. The secondary structure of 



the taRNA-responsive HHR (TR-HHR) is shown in Fig. 3.3 A. The inserted sequence 

includes a taRNA-responsive element that is characterized by a loop structure for the initial 

recognition of the taRNA seed region. The loop of the taRNA-responsive element carries a 

YUNR motif, which is a ubiquitous RNA recognition element of many natural antisense RNA 

systems (149). The YUNR motif presents its nucleotides in the solvent-exposed 

configuration, which presumably facilitates the formation of the kissing interaction between 

the seed region of the taRNA and the taRNA-responsive element (94).  

We first performed control experiments in which we investigated the suitability of our 

expression device (see Fig. 3.2). It is important that neither translation nor HHR activity is 

 

Figure 3.2. Experiments demonstrating the suitability of the expression device A) 

The effect of taRNA V1-M3 on the eGFP mRNA under control of the TR-HHR was 

compared to the effect of taRNA V1-M3 on the native eGFP mRNA and an eGFP mRNA 

controlled by a wt-HHR. Experiments were conducted with the E. coli Top10 strain which 

was cultivated in LB medium at 37°C. Top: Reporter gene expression of outgrown 

bacterial cultures induced with either 20 µM arabinose without IPTG or 20 µM arabinose 

supplemented with 1mM IPTG were measured. Bottom: The relative eGFP expression 

levels of cultures induced with 20 µM arabinose with 1mM IPTG to cultures supplemented 

with 20 µM arabinose without IPTG were determined. Error bars represent the standard 

deviation of experiments performed in triplicates. B) The influence of IPTG on eGFP 

expression of cultures expressing TR-HHR and taRNA V1-M3 was measured. E. coli 

Top10 strain were used for the experiments and cultivated in LB medium at 37°C. 

Reporter gene expression levels of outgrown bacterial cultures induced with 

transcriptional inducers as indicated were determined. Error bars represent the standard 

deviation of experiments performed in triplicates (© Oxford University Press). 



 

impaired by the transcription of a non-complementary sRNA. Therefore, we measured 

expression levels of three variants of an eGFP reporter gene that were co-expressed 

together with the sRNA V1-M3 (see Fig. 3.2 A). The three eGFP reporter genes differed in 

their 5‟-UTR by either bearing a constitutively active HHR (wtHHR and TR-HHR) or the 

native 5‟-UTR. The sRNA V1-M3 is non-complementary to any of three eGFP reporter 

constructs. We measured comparable relative reporter gene expression levels for all three 

constructs which demonstrates that neither translation nor HHR activity was impaired.In 

addition we measured how transcriptional induction of taRNA V1-M3 with IPTG influences 

the expression of the TR-HHR eGFP reporter gene (see Fig. 3.2 B). Our results show a 

reduced reporter gene expression upon addition of 1 mM IPTG to the culture medium. 

However, we concluded that this effect on gene expression should not impede our study due 

to two reasons: First, the effect has no consequences when the experiment is performed at 

fixed concentrations of transcriptional inducers. Second, the effect is eliminated when the 

reporter gene expression is normalized to a control.  

Collins and coworkers reported that the addition of nucleotides to the 5‟-end of the taRNA 

can impair its function (94). The construction of the taRNA under control of an IPTG-inducible 

promoter results in a taRNA transcript that carries a lac-operator site as a 5‟-domain (see 

Fig. 3.3 B). To avoid any interference of the operator sequence on taRNA function we 

inserted a constitutively active HHR into the taRNA which cleaves off the lac-operator site by 

5‟-processing. In the following, the HHR within the taRNA is called 5P-HHR (for 5´-

processing-HHR) and the HHR located in the target mRNA is termed TR-HHR (for taRNA-

responsive HHR). 

Our goal was to control gene expression by the formation of a bimolecular RNA-RNA 

interaction between a trans-acting RNA to a target TR-HHR. Therefore, we designed a 

taRNA targeting the TR-HHR that was expressed under control of an IPTG-inducible 

promoter. Trans-acting RNA V1 is inspired by the previously reported sRNA taR12 (94). 

We inserted a 5‟-processing 5P-HHR for improved functionality (see Fig. 3.3 B). The taRNA 

V1 possesses a sequence of 17 consecutive nucleotides that are complementary to the 

taRNA-responsive element of the TR-HHR (see Fig. 3.3 C). A bacterial culture that co-

expressed taRNA V1 together with TR-HHR eGFP displayed 10-fold lower reporter gene 

expression than a culture that expressed TR-HHR eGFP and an unrelated control sRNA (see 

Fig. 3.3 D). This result demonstrates that the taRNA effect is sequence-specific. In addition 

to the co-expression of an unrelated control taRNA, we questioned whether the taRNA V1 is 

still functional when we impair the 5‟-processing reaction. We addressed this question by the 

construction taRNA V1 harboring a catalytically inactive 5P-HHR. Inactivation was based on 

the introduction of an A to G mutation into the catalytic core of the 5P-HHR (V1i; see 

Fig. 3.3 B/D).  



 
Figure 3.3. Engineering of TR-HHR/eGFP fusions and artificial taRNAs. 

A) The reporter gene, in which cleavage of the TR-HHR controls translation initiation of 

eGFP, was transcriptionally controlled by an arabinose-inducible PBAD promoter. 

The secondary structure of the highly modular HHR-based genetic switches is shown. 

The TR-HHR serves as the expression platform. Control of translation initiation is 

obtained through sequestration of the RBS (gray nucleotides) by an extended stem I. 

A domain harboring a taRNA-responsive element (blue) is attached to stem 3. The YUNR 

motif located in the loop of stem III is shaded in gray. B) The generation of the artificial 

taRNA V1 is transcriptionally controlled by an IPTG-inducible promoter. A 5P-HHR was 

attached to the taRNA for 5‟-processing. The autocatalytic cleavage reaction (marked by 

an arrow head) results in a single stranded region made-up of 17 non-complementary 

nucleotides. Within the construct V1i the 5‟-processing reaction is eliminated by the A to 

G point-mutation within the catalytic core of the 5P-HHR. C) The hybrid complex between 

the taRNA-responsive element of the the TR-HHR and the processed taRNA V1 is 

shown. D) The influence of the taRNAs V1 and V1i in comparison to a control RNA (Crl) 

with no complementarity to the TR-HHR were examined. Bacterial cultures of the E. coli 

Top10 strain were induced with 20 µM arabinose and 1 mM IPTG. Transformants were 

cultivated in LB medium at 37°C and reporter gene expression of outgrown bacterial 

cultures was measured. Error bars represent the standard deviation of experiments 

performed in triplicates (© Oxford University Press).  



 

Co-expression of the taRNA V1i and TR-HHR eGFP resulted in less than 2-fold reduced 

gene expression. This result demonstrates the importance of 5‟-processing for improved 

repression of TR-HHR activity. 

The strong influence of the 5‟-processing on taRNA function requires further discussion. 

We speculate that two main factors account for this phenomenon. First, the seed region of a 

taRNA with a shortened 5‟-terminus possesses optimized conformational and dynamical 

properties (150). The shorter the 5‟-terminus, the less steric hindrances for the interaction 

with the taRNA-responsive element exist. In addition, the seed region can move more freely 

to explore conformational space by rotating about its hinge. The higher flexibility potentially 

results in improved recognition of the taRNA-responsive element. Second, the resulting 3´-

cleavage fragment was shown to be more stable than the non-cleaved transcript in E. coli 

(151). We measured taRNA and eGFP mRNA levels by performing semi-quantitative reverse 

transcription PCR. The results indicate a strong accumulation of taRNA transcript levels, 

whereas eGFP mRNA transcript levels are low. In addition, we compared taRNA transcript 

levels that were either 5‟-processed by a 5P-HHR or non-processed because of an inactive 

mutant of the 5P-HHR. The results support our hypothesis that 5‟-processed taRNAs are 

more stable than non-processed (see Fig. 3.4 D). Primary transcripts carry a triphosphate at 

their 5‟-terminus that is enzymatically converted to a monophosphate in a rate-limiting 

reaction by the removal of a pyrophosphate (126). Monophosphorylated transcripts are prone 

to endonucleolytic digestion by ribonucleases and therefore rapidly degraded. In contrast, 

transcript that carry a hydroxyl group at their 5‟-terminus, as found for the 3‟-cleavage 

product of ribozymes, display an increased half-life of the transcript in E. coli because the 

transcript is not recognized by cellular RNases. 

3.1.4 Mutational and structural characterization of the taRNA-TR-HHR 

interaction 

We performed additional experiments for the validation that taRNA-mediated translational 

repression of TR-HHR eGFP was based on the formation of the bimolecular RNA interaction. 

The mechanisms predicts that 17 consecutive nucleotide of each transcript form basepairs 

with each other. To address this question we investigated the influence of mutations that 

impair the propensity of the taRNA to pair with the taRNA-responsive element of the TR-

HHR. Based on taRNA V1 we rationally engineered three additional taRNAs which are 

characterized by a successively reduced number of complementary nucleotides to the TR-

HHR (see Fig. 3.4 A). In case of the taRNA V1-M1 we mutated the four nucleotides that pair 

with the YUNR motif, taRNA V1-M2 differs in 11 nucleotides of the single-stranded seed 

region from taRNA V1, and taRNA V1-M3 all 17 nucleotides that are involved in the RNA 

duplex formation were mutated. The co-expression of these taRNAs together with TR-HHR 



eGFP demonstrates that translational repression increases with the number of 

complementary nucleotides (see Fig. 3.4 B). Trans-acting RNA V1 is able to repress 

translation of TR-HHR eGFP by a factor of 10. In contrast we measured a 6-fold repression 

for taRNA V1-M1 and a 3-fold repression for taRNA V1-M2. The expression of the non-

complementary taRNA V1-M3 had no effect on TR-HHR eGFP translation and bacterial 

cultures displayed comparable eGFP expression levels as the control RNA. As translational 

repression is dependent on the number of complementary nucleotides, the predicted 

nucleotides are directly involved in the formation of the bimolecular RNA duplex. This result 

proves our predicted mechanism that TR-HHR activity is inhibited upon interaction with the 

taRNA V1. With decreasing number of complementary nucleotides the taRNA was less 

efficiently directed to the taRNA-responsive element. Noteworthy, a stretch of six 

complementary nucleotides to the TR-HHR, as found in taRNA V1-M2, was sufficient for a 3-

fold decrease in reporter gene expression relative to the non-complementary taV1-M3 

construct. Collins and coworkers suggested that the formation of the RNA duplex is 

thermodynamically driven process (94). Our results are in accordance with this hypothesis. 

However, it is important to mention that a strong hybridization free energy is not the only 

driving force for efficient RNA-RNA interaction. In addition, structural characteristics are very 

important for duplex formation because an extended 5‟-tail, as reported by Collins and 

coworkers (94) and shown for taRNA V1i, inhibits taRNA function. A model in which 

additional structural features rule the efficiency of trans-interaction between two 

complementary RNA strands was also suggested by other studies (100; 101).  

Next, we conducted an essential control experiment, in which we investigated a catalytically 

inactive variant of TR-HHR. The cleavage activity of the TR-HHR was disabled by an A-to-G 

mutation within the catalytic core (TR-HHRi). Bacterial cultures expressing TR-HHRi did not 

express detectable eGFP (see Fig. 3.4 C), which demonstrates that the SD-sequence is 

entirely occluded by its antisense strand in the non-cleaved state. In contrast bacterial 

cultures expressing the constitutively active TR-HHR display an eGFP expression level close 

to a wild-type (wt) eGFP expression construct which is not controlled by a HHR. Importantly, 

the co-expression of the investigated taRNAs together with the catalaytically inactive TR-

HHRi transcript (see Fig. 3.3 C) did not impact eGFP expression. Thus, the reported 

riboregulatory system exploits a maximum regulatory range reaching from zero to full gene 

expression. 

Next, we investigated the strength of translational repression when the transcription rates of 

the taRNA and the TR-HHR transcript were varied (see Fig. 3.4 E/F/G). Bacterial cultures 

that co-expressed TR-HHR eGFP and either one of the taRNAs V1, V1-M1, V1-M2, and V1-

M3 were examined.  



 

 

Figure 3.4. Small RNA-mediated repression of translation depends on the formation 

of the RNA-RNA hybrid structure. A) Schematic illustration of artificial taRNA variants 

with reduced number of complementary nucleobases to the taRNA-responsive element 

were constructed. The constructs V1-M1 and V1-M2 display partial hybridization 

capability (blue nucleobases), whereas the construct V1-M3 is non-complementary at all. 

The site of 5‟-processing is marked by an arrow head. All taRNA constructs were 

engineered under control of an IPTG-inducible promoter. B) The influence of the taRNAs 

shown in A on the TR-HHR activity was examined. Bacterial cultures of the E. coli Top10 

strain were induced with 20 µM arabinose and 1 mM IPTG. Transformants were 

cultivated in LB medium at 37°C and eGFP expression of outgrown bacterial cultures was 

measured. Error bars represent the standard deviation of experiments performed in 

triplicates. C) The inactivation of the TR-HHR results in non-detectable eGFP expression 

levels and was not influenced by the co-expressed taRNAs Crl, V1, and V1-M3. The 

assay was performed as described above. D) Analysis of eGFP mRNA and taRNA levels 

by semi-quantitative RT-PCR. Bacterial cultures were induced with 20 µM arabinose and 

1 mM IPTG. Results indicate a high excess of taRNA over eGFP mRNA transcripts and 

an accumulation of taRNA V1 through the 5‟-processing reaction of the HHR. E/F/G) Heat 

maps of observed repression of translation by the constructs E) V1, F) V1-M1, and G) V1- 



The growth medium was supplemented with increasing concentrations of arabinose and 

IPTG, the first inducing the TR-HHR mRNA expression and the latter the transcription of the 

taRNA. Enhanced GFP expression levels of the individual cultures were measured and 

normalized to a culture that co-expressed TR-HHR and taRNA V1-M3 constructs. Only the 

taRNAs V1 and V1-M1 suppressed reporter gene expression greater 3-fold when 

transcription of the TR-HHR mRNA was induced with less than 80 µM arabinose. In case of 

taRNA V1 transcriptional induction with 100 µM IPTG was sufficient for a 3-fold translational 

repression. In contrast much higher IPTG concentrations were required for efficient 

repression by V1-M1. Inefficient translation repression was measured for taRNA V1-M2, 

even when maximum IPTG concentrations were applied for strong transcriptional induction of 

the taRNA. These results highlight an important feature of our artificial riboregulatory system 

that is based on a ribozyme as the expression platform. The more nucleotides are involved in 

the bimolecular interaction between the taRNA and its target TR-HHR, the more reduced is 

the need for a high excess of taRNA over its target mRNA. According to theoretical and 

biochemical studies, natural sRNA-mediated repression is highly influenced by the ratio of 

the transcription rates of the sRNA to its target mRNA, the half-life of the two transcripts, and 

the kinetics of complex formation (146; 152). The highest translational repression was 

obtained when taRNA V1 was strongly transcribed and the transcription rate of TR-HHR was 

low. Therefore, efficient inhibition of TR-HHR activity is only possible when there is a 

sufficiently high excess of taRNA over target mRNA. This result supports the predicted 

mechanism, in which the formation of a stable complex between the TR-HHR and the taRNA 

is required for the efficient regulation of TR-HHR catalytic activity. 

3.1.5 Alterations within the secondary structure of the taRNA impede 

riboregulatory function 

Previous studies (94) and our results underline that the taRNA requires a defined 5‟-tail for 

efficient riboregulation. However, it is not known to which extent riboregulation is impaired 

when other structural features of the taRNA are altered. We addressed this important 

question by investigating the structure-function relationship of taRNA V1 variants, in which 

we remodeled the accessibility of the single-stranded seed region (see Fig. 3.5 A).  

Figure 3.4. Continued  

M2 as function of transcriptional induction of the reporter construct and the taRNAs. Data 

was normalized to the construct V1-M3. Transcription of the reporter gene was induced 

by the addition of 20, 80 and 320 µM arabinose and transcription of the taRNA variants 

by the addition of 0, 100, 333, and 1000 µM IPTG. The translational repressed state is 

indicated in blue, whereas the unrepressed state is shown red. Bacterial cultures of the 

E. coli Top10 strain were induced with arabinose and IPTG as indicated. Transformants 

were cultivated in LB medium at 37°C and eGFP expression of outgrown bacterial 

cultures was determined (© Oxford University Press).  



 

The taRNA V1 features a single-stranded seed region of eleven nucleotides and six 3‟-

terminal nucleotides, which are occupied by an antisense strand.Based on taRNA V1, we 

engineered two mutated taRNAs. In case of taRNA V1-M4 we reduced the number of freely 

moving nucleotides within the single-stranded domain by extending the antisense strand, so 

that five additional nucleotides of the original single-stranded seed region were sequestered 

within a helix. In addition, taRNA V1-M5 features an extended single-stranded region of 

17 nucleotides that was constructed by the shortening of the antisense strand. Hence, all 

17 nucleotides of V1-M5 that are involved in the duplex formation with the taRNA-responsive 

element are unstructured. The mutated taRNAs V1-M4 and V1-M5 less efficiently repressed 

eGFP expression than taRNA V1 (see Fig. 3.5 B). Bacterial cultures that co-expressed TR-

HHR mRNA together with taRNA V1-M5 repressed reporter gene expression by a factor of 5, 

whereas cultures that coexpressed taRNA V1-M4 displayed two-fold translational repression. 

 

Figure 3.5. Structure-function relationship of taRNAs with modified seed regions. 

A) Structural modifications were introduced into the single-stranded seed region by either 

reducing (V1-M5) or extending (V1-M4) the amount of complementary bases to the 

hybridization domain (blue) at the 3‟ terminus of the taRNA. The variants V1-M4 and V1-

M5 are both fully complementary to the taRNA-responsive element. The site of 5‟-

processing is marked by an arrow head. All taRNA constructs were engineered under 

control of an IPTG-inducible promoter. B) The Influence of the taRNAs shown in A on TR-

HHR activity was examined. Bacterial cultures of the E. coli Top10 strain were induced 

with 20 µM arabinose and 1 mM IPTG. Transformants were cultivated in LB medium at 

37°C and reporter gene expression of outgrown bacterial cultures was measured. Error 

bars represent the standard deviation of experiments performed in triplicates (© Oxford 

University Press). 

  



Presumingly, the structural changes reduced the accessibility of the seed region and thereby 

impaired the interaction between the two RNAs. Our results underscore that efficient 

hybridization of the taRNA with its target sequence requires a taRNA with a highly defined 

structures. As shown, even small structural alterations of the taRNA V1 resulted in a 

remarkable loss of function. The comparison of the taRNA V1-M1, that is characterized by a 

mutated YUNR motif, with the taRNAs V1-M4, V1-M5 unveils an interesting observation. 

Trans-acting RNA V1-M1 is capable to repress translation stronger than the taRNAs V1-M4 

and V1-M5, even though fewer nucleotides are directly involved in the interaction. 

Consequently, imperfect base-pairing of a taRNA with its target TR-HHR has less influence 

on the efficiency of riboregulation than alterations of key secondary structures. Assumingly, 

complex formation is initiated when some nucleobases adopt a defined configuration. 

Similarly, a trademark of natural trans-encoded sRNAs is their imperfect complementary to 

their target sequence. For example the interaction of sRNA SgrS with its target mRNAs ptsG 

and sopD is characterized by sveral mismatches within the duplex (51; 153). Strikingly, a 

single point mutation within sgrS is sufficient to suppress its regulatory function.  

Next, we studied the requirement for the 3‟-terminal stem loop of the taRNA. The terminal 

domain of the stem loop is not directly involved in the hybridization with the taRNA-

responsive element of the target mRNA. Based on taRNA V1 we constructed two taRNAs in 

which we shortened the stem loop, termed taRNA V1-M6 and V1-M7 (see Fig. 3.6 A). 

Reporter gene expression of bacterial cultures that co-expressed TR-HHR together either 

V1-M6 or V1-M7 was determined. The results demonstrate that a partial shortening of the 

stem loop has no influence on reporter gene expression and does not impair taRNA function 

(see Fig. 3.6 B). In contrast, when the stem loop was further shortened the taRNA completely 

lost its function. We measured a two-fold increase in eGFP expression compared to taRNA 

V1-M3. Yokobayashi and coworkers reported a comparable phenomenon, when they studied 

artificial sRNAs against natural mRNA target sequences (154). The wt MicF sRNA and some 

of their artificial sRNAs which repressed translation of their target mRNA OmpF::GFPuv, 

surprisingly activated the expression of an OmpC::GFPuv fusion mRNA greater than 2-fold. 

In contrast, cross-reactivity between the micF sRNA and the OmpC mRNA was not observed 

in another study (155). Yokobayashi and coworkers reasoned that nonspecific factors or 

indirect effects contributed to this phenomenon (154). 



 

 

Figure 3.6. Influence of truncated taRNAs. A) The helical region outside of the 

hybridization domain was shortened. The variants V1-M6 and V1-M7 are both fully 

complementary to the taRNA-responsive element. The site of 5‟-processing is marked by 

an arrow head. B) The Influence of the taRNAs shown in A on the TR-HHR activity was 

examined. Bacterial cultures of the E. coli Top10 strain were induced with 20 µM 

arabinose and 1 mM IPTG. Transformants were cultivated in LB medium at 37°C and 

eGFP expression of outgrown bacterial cultures was measured. Error bars represent the 

standard deviation of experiments performed in triplicates (© Oxford University Press). 

3.1.6 Conclusion 

In conclusion we report the rational engineering of a small RNA-responsive riboswitch that 

exerts its function based on a catalytically active HHR as expression platform. The synthetic 

riboregulatory system is characterized by a robust switching behavior upon interaction of the 

taRNA with its target TR-HHR. Important determinants for improved switching behavior were 

identified. Of major importance are the cellular half-life of the taRNA, the degree of 

complementarity, the ratio of taRNA transcription rate over target mRNA transcription rate, 

and defined structural features. To our knowledge this is the first example of a ribozyme 

whose activity was controlled by the interaction with a sRNA in vivo. Due to the universal 

rules for basepairing of nucleobases the reprogramming of RNA-based genetic switches is 

facilitated. This advantage opens up the possibility to construct orthogonally acting genetic 

switches (101; 156). Orthogonal genetic switches do not interfere with each other and are of 

high interest for synthetic biology applications. For example they can be assembled into 

higher order genetic networks to perform Boolean logic computations. Noteworthy, Collins 

and coworkers recently reported the construction of orthogonal variants of riboregulator 

RR12 (96), which was the starting point of our endeavors to construct a HHR-based 

riboregulatory platform. These orthogonal taRNA/crRNA pairs may also be transferrable to 



the HHR-based riboregulatory system and might enable the construction of orthogonal 

switches. 

In principal, it is beneficial to use RNA as substrate instead of polypeptides for the 

construction of artificial genetic switches due to several reasons. For instance the synthesis 

of RNA is much faster and requires less energy than polypeptide synthesis. In addition, as 

RNA devices are small in size, less genomic space is used in comparison to protein-based 

genetic networks (50). Functional nucleic acid macromolecules comprise a high degree of 

modularity, which facilitates the rational programming of cellular behavior (157). Recent 

advances used computer-aided design for the predictable engineering of regulatory RNAs, 

thereby creating a huge arsenal of orthogonal genetic switches (101; 151). 

In this study we report a riboregulatory system with high potential for future synthetic biology 

applications. Primarily, Collins and coworks applied small taRNAs within a riboregulatory 

system to activate translation of a reporter gene in E. coli. In this study we made use of the 

same interaction domains, but redesigned the expression platform in a way that the identical 

taRNA repressed gene expression. This remarkable breakthrough now enables the 

engineering of artificial riboregulatory networks in which one taRNA can target several 

mRNAs and either activate or repress gene expression. In addition to controlling translation 

initiation, taRNAs could be applied to control the activity of other functional RNAs. For 

example, aptazyme switches can be applied in vivo for gaining enhanced control over tRNA 

activation (158), 16S ribosomal subunit integrity (159), and pri-miRNA processing (132). 

Furthermore, nucleic acid sensing HHRs could be used to interconnect natural genetic 

networks with artificial ones. For this purpose the TR-HHR needs to be re-engineered in a 

way that instead of artificial taRNAs endogenous mRNAs or ncRNAs would act as triggers. In 

principle, the concept of ribozyme-mediated riboregulation should be transferrable to other 

organisms. For example, in eukaryotic cells mRNA transcipts that are cleaved by a ribozyme 

are rapidly degraded. Controlling RNA transcript stability could be advantageous for the 

cascading of multiple RNA-based switches. For example, a given HHR-based switch would 

change its own abundance in response to a sensed input. The change in transcript level is 

directly coupled to the concentration of a second switch. 

  



 

3.2 Genetic selection of ribozyme-based aminoglycoside 

switches in S. cerevisiae 

3.2.1 General considerations 

Artificial genetic systems which enable the spatial and temporal control of gene expression 

are a promising technology useful in basic research, biotechnology and for biomedical 

applications (160). To make use of the high potential of conditional gene expression systems 

it is important to construct reliable and straightforward technologies for the generation of 

orthogonal genetic switches. Artificial riboswitches are advantageous because the ligand 

interacts with an RNA domain that is part of the targeted functional RNA. However, their 

broad application is constricted. Although artificial riboswitches are highly modular, there is 

only a small set of orthogonal switches available (89; 122; 127). In addition, most reported 

engineered riboswitches display moderate switching performance, which prevents their 

advanced application. 

This chapter describes the development of a reliable and straightforward method that 

facilitates the in vivo selection of optimized riboswitches in S. cerevisiae. The reported 

technique enables the screening of highly diversified libraries of ribozyme-based genetic 

switches in S. cerevisiae. We were inspired by recent progress in the field of genetic yeast-

based systems for the in vivo identification of molecular interactions (161). For example, the 

yeast-two-hybrid system and variants thereof are useful for the identification of protein 

interaction partners such as a protein itself, an RNA transcript, a DNA domain, and a small 

molecule. In comparison, the technique described herein makes use of the identical selection 

principles but facilitates the identification of RNA interaction partners. The advantage of 

yeast-based genetic selection procedures is that on the basis of differentially expressed 

selection markers libraries of up to 1x109 genetically diverse cells can be selectively 

enriched. This chapter reports the enlargement of the yeast-based selection toolbox by a 

technique that facilitates the analysis and generation of allosterically controlled 

endonucleolytic RNA motifs.  

The basic principle relies on the post-transcriptional regulation of GAL4 transcription factor 

expression by an endonucleolytic ribozyme (see Fig. 3.7). The stability of the GAL4 transcript 

is controlled by the HHR motif which is located within the 3‟-UTR. Autocatalytic cleavage of 

the ribozyme destabilizes the GAL4 mRNA and results in reduced GAL4 protein levels. In 

contrast, the inhibition of the ribozyme cleavage reaction increases GAL4 mRNA levels and 

more GAL4 transcription factor is produced. Experiments were conducted with the 

commercially available S. cerevisiae strain MaV203, which does not encode endogenous 

GAL4. Of particular advantage are the three chromosomally-encoded reporter genes HIS3, 



URA3, and LacZ, each under control of a GAL4-inducible promoter. The reporter genes 

permit the positive and negative selection step within the same cell and they are suitable for 

a quantitative read-out. Imidazole glycerol phosphate dehydratase, the gene product of the 

positive selection marker HIS3, is competitively inhibited by 3-amino-1,2,4-triazole (3-AT). 

A barrier for growth is set in dependence of the applied 3-AT concentration. With increasing 

3-AT concentration only cells, that express sufficiently high amounts of imidazole glycerol 

phosphate dehydratase, grow. Negative selection is conducted based on the expression of 

the URA3 gene product, orotidine 5-phosphate decarboxylase (ODCase), which converts 5-

fluorooratic acid (5-FOA) into the toxic compound 5-fluorouracil. 5-FOA, which is added to 

the culture medium, causes cells with increased GAL4 expression to die.  

 
Figure 3.7. Schematic illustration of a yeast-based in vivo selection for the 

generation of synthetic ribozyme-based genetic switches. Transcription of GAL4 

expression is driven by a Cyc1 promoter. Post-transcriptional control over GAL4 mRNA 

stability is obtained by the insertion of a hammerhead ribozyme into the 3‟-UTR. 

Autocatalytic cleavage by the HHR results in degradation of the GAL4 mRNA and 

prevents expression of the transcription activator GAL4. In case of an inactive HHR, 

which does not cleave the RNA backbone, the GAL4 mRNA level remains unaffected and 

the GAL4 protein is highly expressed. The MaV203 strain encodes chromosomally 

encoded reporter genes HIS3, URA3, and LacZ each under control of a GAL4-inducible 

promoter. Critical parameters for the setup of the genetic system are the identity of the 5‟-

leader sequence and the catalytic activity of the HHR. A library of potential ligand-

dependent HHRs is constructed by the fusion of an aptamer domain to the HHR via a 

randomized connection sequence. Potential ligand-dependent HHR-based switches are 

enriched by positive and negative selection based on the auxotrophy markers HIS3 and 

URA3. LacZ enables the final identification of switches and is used for further 

characterization (© American Chemical Society). 

  



 

The, LacZ reporter gene is used for the quantitative analysis of GAL4 expression by 

measuring β-galactosidase activity. Potential aptazyme switches are enriched by performing 

a negative and positive selection step, of which one or the other is performed in the presence 

of the ligand. For example, addition of the ligand in the negative selection should yield OFF-

switches with respect to gene expression, mediated by induction of ribozyme catalysis. 

3.2.2 Impact of the 5’-leader sequence on GAL4 expression 

First, the impact of the 5‟-leader sequence on the expression of the transcription activator 

GAL4 was investigated (see Fig. 3.7). The GAL4 coding sequence was inserted into a low-

copy S. cerevisiae plasmid under the control of the constitutive Cyc1 promoter. The impact of 

three different 5‟-leader sequences on the expression of the transcription activator GAL4 was 

examined (see Fig. 3.8 A). The leader sequences differed in their length and the nucleotide 

composition of their Kozak sequence. The experiment was conducted in the MaV203 strain. 

The influence of GAL4 expression on reporter gene activity was analyzed by phenotypic and 

enzymatic analysis. Quantitative measurements showed a tenfold higher β-galactosidase 

activity of a yeast culture expressing K5-Gal4 than a culture expressing K2-Gal4 (see Fig. 

3.8 B). In contrast cultures expressing K4-Gal4 displayed a threefold decrease of β-

galactosidase activity in comparison to K2-Gal4. These differences in reporter gene 

expression were phenotypically validated by growth analysis on selection media by 

monitoring HIS3 and URA3 gene expression levels (see Fig. 3.8 C). A control culture, 

expressing no GAL4, grew only on negative selection plates supplemented with 5-FOA, 

whereas no colonies were visible on 3-AT after 3 and 8 days. However, yeast cells 

expressing the GAL4 transcription factor predominantly grew on positive selection media. 

Only cultures encoding the K4-Gal4 transcript weakly grew on 0.05% (w/v) 5-FOA after 

8 days. Cells harboring the K2-Gal4 construct poorly grew on 50 mM 3-AT after 3 days, but 

colonies were clearly visible after 8 days. Yeast cultures expressing K5-Gal4 showed the 

strongest growth because they best resisted 50 mM 3-AT after 3 days. Therefore, we can 

conclude that the differences in reporter gene expression measured by enzymatic analysis 

are also reflected by the phenotypic growth analysis on selection media. We reasoned that 

the expression vector, encoding the K2-Gal4 construct, is best suited for the in vivo selection 

of a diversified aptazyme library. In case of K2-Gal4 colonies resisted 50 mM 3-AT in a time-

dependent fashion and no colonies appeared when grown on negative selection plates. 

  



 

Figure 3.8. Impact of the 5’-leader sequence on GAL4 expression monitored by 

enzymatic and phenoytypic analysis. A) Sequences of the investigated 5‟-leader 

sequences. K2-Gal4 and K5-Gal4 possess the same Kozak sequence, but differ in the 

length of the 5‟-UTRs. A second upstream start codon was identified in case of the K2-

Gal4 and K4-Gal4 constructs, which likely impacts GAL4 protein expression. Spacer 

sequences are shown as (N)x with x representing the number of nucleotides. The precise 

nucleotide identity is defined in 9.2. B) Enzymatic analysis of Gal4 expression by 

monitoring β-galactosidase expression. S. cerevisiae cultures of the MaV203 strain were 

cultivated in synthetic complete medium lacking leucine at 30°C and β-galactosidase 

expression of outgrown cultures was measured. Error bars represent the standard 

deviation of experiments performed in triplicates. C) Phenotypic analysis of yeast strains 

on selective media. Two independent clones were serially diluted and spotted on SC 

medium supplemented with either 3-AT or 5-FOA. Upgrowing colonies were monitored 

after 3 and 8 days. Experiment shown in C was carried out by L.K. Siewert as part of her 

Bachelor thesis (© American Chemical Society). 

3.2.3 Regulation of GAL4 expression with 3’-UTR hammerhead ribozymes 

Endonucleolytic ribozymes can be used in eukaryotes to control the stability of an mRNA 

(118; 128). A catalytically active HHR that is either inserted into the 5‟-UTR or 3‟-UTR was 

shown to drastically reduce mammalian reporter gene expression. Noteworthy, the presence 

of secondary structures within the 5‟-UTR in S. cerevisiae interferes with the ribosomal 

scanning mechanism (162). Due to this phenomenon we positioned self-cleaving HHR motifs 

into the 3´-UTR of the K2-Gal4 construct. Three variants of the HHR were examined for their 

capability to suppress GAL4 expression levels in S. cerevisiae (see Fig. 3.9 A). The effect on 

gene expression of a type I Schistosoma mansoni HHR (118) was compared to a type III 

HHR of S. mansoni (145) and a type III HHR derived from the satellite RNA of the tobacco 

ringspot virus (163). All three HHRs have been previously applied for the construction of 

artificial ribozyme-based switches (122; 127; 164). As a control a catalytically inactive variant 



 

of each HHR motif was investigated. Therefore, an A-to-G mutation was inserted into the 

catalytic core. Importantly, LacZ activity was not reduced in cultures that expressed GAL4 

under control of a non-cleaving ribozyme motif in comparison to the K2-Gal4 (see Fig. 3.9 B). 

This result shows that the insertion of an additional HHR motif into 3‟-UTR of the GAL4 

mRNA does not impair gene expression. The investigation of the catalytically active HHR 

variants resulted in a strong reduction of reporter gene expression. In case of the active 

type I HHR a tenfold reduced LacZ activity was measured in comparison to its catalytically 

inactive counterpart. In particular, both investigated type III HHRs strongly impaired reporter 

gene expression which was reduced greater than 1000-fold. Our results are in accordance 

with previous studies which reported a high catalytic activity of these type III HHRs in E. coli 

and mammalian cells (127). In conclusion these results imply that the type III format is well-

suited for the application in S. cerevisiae.  

 

Figure 3.9. Post-transcriptional control of GAL4 expression by variants of the 

hammerhead ribozyme A) Variants of the HHRs derived from S. mansoni and the 

satellite RNA of the tobacco ringspot virus were inserted into the 3‟-UTR of the 

transcription activator GAL4. Secondary structures of the investigated HHRs are shown. 

An A-to-G substitution within the catalytic core of the HHR results in a catalytically 

inactive HHR. The cleavage site is indicated by an arrowhead. B) The impact of variants 

of the HHR on of GAL4 expression was analyzed by measuring β-galactosidase activity. 

For each HHR a catalytically inactive HHR (-) was compared to a catalytically active HHR 

(+). S. cerevisiae cultures of the MaV203 strain were cultivated in synthetic complete 

medium at 30°C and β-galactosidase expression of outgrown cultures was measured. 

Error bars represent the standard deviation of experiments performed at least in 

triplicates. C) Yeast strains expressing GAL4 protein under control of an active and 

inactive S. mansoni type I HHR were phenotypically assayed on selective media. Two 

independent clones were serially diluted and spotted on SC medium supplemented with 

either 3-AT or 5-FOA. Pictures of colonies were taken after 3 and 8 days. Experiment 

carried out by L.K. Siewert as part of her Bachelor thesis (© American Chemical Society).  



In addition we performed a growth analysis of cells expressing K2-Gal4 under control of a 

catalytically active and inactive S. mansoni type I HHR (see Fig. 3.9 C). There was no visual 

difference in growth between cells expressing GAL4 under control of the catalytically inactive 

type I HHR and cells expressing the K2-Gal4 construct, when grown on 5-FOA and 3-AT. 

In contrast, the insertion of a catalytically active type I HHR into GAL4 resulted in a growth 

phenotype after three days that resembled the one of GAL4-deficient yeast cells. Yeast cells 

resisted 0.1% (w/v) 5-FOA and detectable growth required 8 days on 20 mM 3-AT whereas 

growth was completely inhibited on 50 mM 3-AT. Despite the fact that the type I S. mansoni 

HHR downregulated reporter gene expression only 10-fold in comparison to its inactive 

variant, a striking influence on the growth pattern of the yeast cells on selective media was 

observed. These results demonstrate that the system should be well suited for in vivo 

selection of randomized aptazyme libraries. 

3.2.4 In vivo selection of theophylline-dependent type I HHRs 

The theophylline aptamer is well suited for a proof-of-principle in vivo selection of a 

randomized aptazyme library, because it has been used for the generation of various artificial 

riboswitches within diverse organisms. Priorly, the Hartig group generated theophylline-

dependent type I HHR for the regulation of gene expression in E. coli and mammalian cells 

(127; 165). An aptazyme library was generated by the attachment of the theophylline 

aptamer via a randomized connection sequence to stem III of the HHR. Allosteric aptazyme 

switches were identified by a manual screening procedure. The limiting factor of yeast-based 

selection procedure is the transformation efficiency, which is currently restricted to a 

maximum size of approximately 1x109 individual transformants. We generated a library of 

potential theophylline-dependent genetic switches with ten randomized nucleotides in the 

connection sequence, accounting for a pool diversity of 1x106 (see Fig. 3.10 A). Molecular 

subcloning in E. coli yielded a plasmid library that was used for the transformation of 

S. cerevisiae MaV203 cells. A yeast cell library of approximately 1x107 single colonies was 

obtained, which accounts for a greater than 95% coverage of the total sequence space 

(166). 

We assumed that one bottleneck for a successful in vivo selection relies on the application of 

optimal 3-AT and 5-FOA concentrations. Based on the growth analysis (see Fig. 3.9 C) a 

positive selection of the theophylline aptazyme library was performed on selective media 

supplemented with 40 mM 3-AT to enrich yeast cells that express a high level of GAL4 

transcription factor. In a second selection step on media with 0.075% (w/v) 5-FOA and 

2.5 mM theophylline potential allosteric switches were enriched by sorting out cells that 

poorly expressed GAL4 in response to theophylline. A final screening step of the up-growing 

colonies of the negative selection step was performed by measuring β-galactosidase activity 



 

in the presence and absence of the ligand. A total of 75 colonies of the theophylline 

apatzyme library were screened after one round of positive and negative selection.β-

Galactosidase analysis identified 63 false positive colonies, that we grouped into a) no 

detectable β-galactosidase expression and b) β-galactosidase exceeding the expression of 

the K2-Gal4 expression level. Three out of the 12 remaining yeast cultures displayed a 

switching ratio greater 2-fold in response to theophylline. A sequence analysis revealed that 

two out of the three switches shared the identical nucleotide identity (theo-H4). Two 

theophylline-dependent aptazymes, theo-H4 and theo-B5, both down-regulating reporter 

gene expression by a factor of 3.6- and 3.2-fold, were obtained (see Fig. 3.10 B/C). In case 

of the proof-of-principle theophylline aptazyme selection it was attempted to further enrich 

switches by recovering the plasmid pool from yeast after one round of positive and negative 

selection, propagation of the recovered plasmid pool in E. coli and re-transformation the 

aptazyme pool back into MaV203 yeast cells. A second round of positive and negative 

selection using the same 5-FOA and 3-AT concentrations was then performed. However, this 

procedure did not improve the performance of the selection. In addition, we performed a 

selection that should yield switches with increased gene expression upon addition of 

theophylline. Attempts to select for aptazymes that induce gene expression were based on 

selection plates supplemented with the same 5-FOA and 3-AT concentrations as reported for 

the generation of the inhibiting switches. The Hartig group observed in previous screening 

attempts in E. coli and mammalian cells that aptazymes inhibiting the ribozyme self-cleavage 

activity upon theophylline binding appear with a very low frequency (125; 127). Similarly, the 

screened library of this study did not yield any switches that inhibited ribozyme catalysis 

upon ligand binding.  

Next, we conducted an important control experiment for the validation that the reduction in 

reporter gene expression of the identified switches, theo-H4 and theo-B5, depends on the 

ligand-induced activation of ribozyme activity. Therefore, a catalytically inactive variant of 

each switch was constructed by an A-to-G mutation in the catalytic core. Importantly, yeast 

cultures expressing the inactive aptazyme variants restored β-galactosidase expression to 

the levels of yeast cells carrying the K2-Gal4 construct (see Fig. 3.10 B). In addition, there 

was no change in reporter gene expression in response to theophylline anymore. We 

performed a second control experiment in which we added caffeine instead of theophylline. 

The results show that caffeine did not trigger any of the switches or their catalytically inactive 

counterparts, demonstrating that the high binding specificity reported for the theophylline 

aptamer is also found in the aptazyme. 

  



 
 

Figure 3.10. In vivo selection identifies theophylline-dependent genetic switches. 

A) Secondary structure of a randomized pool of potential theophylline switches is shown. 

The theophylline aptamer is attached to stem III of a type I S. mansoni HHR via a 

connection sequence of 10 randomized nucleotides. Potential switches were enriched on 

medium supplemented with 3-AT and 5-FOA by genetic selection. Single upgrowing 

colonies were screened by measuring β-galactosidase expression. The nucleotide 

identity of two identified switches theo-H4 and theo-B5 is shown. An A-to-G substitution 

within the catalytic core of the HHR results in a catalytically inactive HHR. The cleavage 

site is indicated by an arrowhead. B) Characterization of the identified theophylline-

dependent switches theo-H4 and theo-B5. GAL4 expression was analyzed by measuring 

β-galactosidase activity of cultures grown in the absence of inducer (black bars), 2.5 mM 

theophylline (grey), and 2.5 mM caffeine (white). S. cerevisiae cultures of the MaV203 

strain were cultivated in synthetic complete medium at 30°C and β-galactosidase 

expression of outgrown cultures was measured. Error bars represent the standard 

deviation of experiments performed at least in triplicates. C) Schematic illustration of the 

proposed mechanism. Binding of theophylline to the aptamer domain stabilizes the 

catalytically active conformation resulting in the cleavage of the RNA backbone and 

degradation of the GAL4 mRNA (© American Chemical Society). 

  



 

 

Figure 3.11. Theophylline-dependent switches theo-H4 and theo-B5 are 

transferrable to a bacterial HHR-based genetic control system. A) Schematic 

illustration of the proposed mechanism. The ribosomal binding site is sequestered by an 

extended stem I of the HHR. In the absence of theophylline the HHR adopts a distorted 

structure with a catalytically inactive core. Binding of theophylline to the aptamer domain 

(blue) stabilizes the catalytically active conformation. Cleavage sets free the ribosomal 

binding site and upon binding of the small ribosomal subunit translation is initiated. 

B) The secondary structure of the switches theo-H4 and theo-B5 is shown. An A-to-G 

substitution within the catalytic core of the HHR results in a catalytically inactive HHR. 

The cleavage site is shown by an arrowhead. C) Characterization of the identified 

theophylline-dependent switches theo-H4 (black squares) and theo-B5 (blue triangles) 

and their inactive variants (dotted lines). Enhanced GFP expression of cultures grown in 

the presence of increasing concentrations of theophylline (top) and 2.5 mM caffeine 

(bottom) were analyzed. E. coli cultures of the BL21 (DE3) gold strain were cultivated in 

LB medium at 37°C. Enhanced GFP expression levels of outgrown cultures were 

measured and are reported relative to a control expressing wt eGFP construct. Error bars 

represent the standard deviation of experiments performed in triplicates (© American 

Chemical Society). 

  



It is beneficial to use aptazmes as genetic switches because of their high degree of 

modularity. We questioned whether the aptazymes theo-H4 and theo-B5 preserve their 

allosteric switching mechanism when they are applied for regulating translation initiation in a 

bacterial expression system. Initially, the Hartig group developed ligand-dependent aptazyme 

switches in E. coli which were based on the blocking of the ribosomal binding site by an 

extended stem I of the HHR (125). Ribozyme cleavage exposes the RBS and facilitates 

binding of the small ribosomal subunit (see Fig. 3.11 A). As suggested, both aptazme 

switches activated eGFP expression in E. coli upon addition of theophylline (see Fig. 3.11 

B/C). In contrast, their catalytically inactive counterparts neither responded to theophylline 

nor to caffeine. In summary, the reported proof-of-principle selection was successful. 

A protocol was established for the generation of a yeast library featuring an aptazyme pool of 

106 individual members. The developed selection procedure facilitates the enrichment and 

the identification of artificial HHR-based riboswitches. 

3.2.5 Development of neomycin-dependent hammerhead ribozymes 

A longstanding goal of aptazyme technology and an essential step towards a more wide-

spread application of post-transcriptional gene regulators is the development of aptazymes 

with improved gene regulatory performance. We envisioned the investigation of an 

alternative HHR-aptamer fusion architecture (see Fig. 3.12 A), not yet reported in the 

literature, for enhanced switching performance. This conceptual change was also 

encouraged by the rather poorly performing theophylline switches that were generated in the 

proof-of-concept experiment. Although in the first run for theophylline-dependent switches a 

large sequence space of 1x106 individual members was searched, no better performing 

switches were obtained which hints to general shortcoming of the design. All previously 

reported ligand-dependent HHR switches feature a HHR that is split into two parts at one of 

the three stems, for the insertion of the aptamer domain (121; 122; 125; 164). We envisioned 

to apply a design which preserves the aptamer domain and the HHR motif as native as 

possible, without splitting either one. Herein we present a novel aptazyme design that is 

inspired by the architecture of natural riboswitches, in which the expression platform is 

coupled to the aptamer domain back-to-back (55). 

In accordance to the natural riboswitch design, we designed a library in which the aptamer 

domain is located at the 5´-terminus and precedes a type III HHR domain (see Fig. 3.12 A). 

This arrangement is beneficial because it positions the aptamer domain in close proximity to 

the catalytic core of the HHR. We envisioned to search for aminoglycoside-dependent HHRs 

as an example for the suitability of our proposed design. We assumed that the neomycin 

aptamer N1 which was used for ribozyme-independent gene regulation before is favourable 

for generating efficient aptazyme switches. The N1 aptamer was initially developed by 



 

Schroeder, Süß, and co-workers who applied a technique that combines in vitro selection 

and subsequent in vivo screening for enriching artificial riboswitches in S. cerevisiae (138; 

167). Subsequent studies resulted in a good structural and biochemical understanding of the 

N1 neomycin aptamer which binds to its ligand neomycin with high affinity in vivo (168-171). 

Next, we attached, according to our novel design strategy, the neomycin aptamer domain to 

the 5‟-end of the type III S. mansoni HHR (see Fig. 3.12 A). We considered that the 

nucleotides within the stem III region should strongly influence the integrity of the catalytic 

core. Accordingly, we generated an aptazyme library by randomizing five nucleotides at the 

3‟-terminus of the HHR domain and three nucleotides at the bridge between the aptamer and 

the HHR domain. Hence a total of eight randomized nucleotides accounts for a pool diversity 

of 65,536 variants. The established selection protocol enables the search for ligand-

dependent sequences by completely covering the sequence space. In contrast to the 

selection of theophylline-dependent switches we decided to apply less stringent selection 

conditions for searching neomycin-dependent aptazymes. The selection of theophylline-

dependent switches yielded a relatively high rate of false-positives colonies. Therefore, we 

considered the applied selection conditions as too harsh in the proof-of-principle selection. 

We first performed a positive selection at 30 mM 3-AT and attempted a negative selection at 

0.05% (w/v) 5-FOA and 100 µg/mL neomycin. As the negative selection did not yield any 

colonies, we repeated the negative selection and enriched neomycin-dependent switches at 

a less stringent 5-FOA concentration of 0.03% (w/v) and 100 µg/mL neomycin. Next, we 

screened individual colonies for neomycin-induced changes in β-galactosidase expression. 

The screening of 24 colonies yielded two false positive (nodetectable β-galactosidase 

activity) yeast colonies. Out of the 22 remaining yeast colonies 7 displayed a switching ratio 

greater 3-fold and the best performing genetic switch repressed reporter gene expression 25-

fold in response to neomycin (see Fig. 3.12 B/C). 

We also aimed for selecting switches that activated gene-expression in response to 

neomycin. Instead of adding neomycin in the negative selection step we added neomycin in 

the positive selection step. However, the final screening did not identify efficient switches (> 

2-fold). In general, ON and OFF-switches of gene expression should be obtained from the 

respective selection strategies. Noteworthy, we already experienced in previous studies that 

under certain circumstances not always ON- and OFF-switches are identified. Although not 

yet addressed in literature, there are several possible explanations for this phenomenon. 

Each aptamer domain is characterized by defined intrinsic properties that could become 

limiting in certain designs. For instance, the applied neomycin aptamer N1 alternates 

between diverse structures in the ligand unbound state, thus, is structurally distorted, but 

adopts a rigid structure upon neomycin binding (170). This characteristic might increase the 

chance to generate OFF switches of gene expression because the barrier for folding into a  



Figure 3.12. Novel aptazyme design and in vivo selection enables identification of 

neomycin-dependent genetic switches. A) The secondary structure of a reengineered 

library of neomycin-dependent HHRs is shown. The aptamer domain (orange) was 

attached to the 5‟-end of a type III HHR adopted from S. mansoni. Nucleotides that 

connect the aptamer to the HHR domain as well as nucleotides at the 3‟-end of the HHR 

domain were randomized (red). Potential switches were enriched on medium 

supplemented with 3-AT and 5-FOA by genetic selection. Single upgrowing colonies were 

screened by measuring β-galactosidase expression. An A-to-G substitution within the 

catalytic core of the HHR results in a catalytically inactive HHR. Two U-to-C mutations 

within the terminal loop of the neomycin aptamer, termed M10 mutant, prevent binding of 

neomycin. The cleavage site is shown by an arrowhead. B) Characterization of the 

identified neomycin-dependent HHR switches. GAL4 expression was analyzed by 

measuring β-galactosidase activity of cultures grown in the absence of effector (black 

bars) and with 100 µg/mL neomycin (grey). S. cerevisiae cultures of the MaV203 strain 

were cultivated in synthetic complete medium at 30°C and β-galactosidase expression of 

outgrown cultures was measured. Error bars represent the standard deviation of 

experiments performed at least in triplicates; except for K2-Gal4 (n=2). C) The nucleotide 

identity of the connection sequence is shown for each switch. Experiment carried out by 

J. Atanasov as part of her Master thesis (© American Chemical Society). 

  



 

structure that stabilizes the catalytic core upon ligand binding is lower than in case of ON-

switch behavior.  

Aptazymes that act as OFF-switches of gene expression exert their function by stabilizing the 

catalytically active conformation upon neomycin binding. For each switch the nucleotide 

identity of the randomized nucleotides is shown in Fig. 3.12 C. However, the sequences are 

highly heterogeneous which impairs the assignment of a consensus motif and complicates 

the prediction of a possible mechanism. Measurements of the β-galactosidase expression 

levels in the absence of neomycin imply a weak stabilization of stem 3 for the switch neo-B2 

which is more and more stabilized for neo-A5, neo-C2, neo-A4 with the strongest 

stabilization predicted for the switches neo-A2, neo-D3, and neo-D6. Further insight into a 

possible switching mechanism was obtained by an Mfold analysis (139), which supports the 

pattern observed in gene expression experiments (see Table 3.1). In case of the switches 

neo-B2, neo-A5, and neo-C2 it is unlikely that they adopt a catalytically active HHR structure 

because the analysis predicts a small portion of “active HHRs folds” out of the “absolute 

number of predicted structures”. For all other generated neomycin switches the chance of 

forming a stable stem III is highly increased. Noteworthy, for all switches except neo-C2 an 

“active HHR” structure is calculated as at least second most stable structure. A conformation 

capture mechanism attributes for ligand binding by the neomycin aptamer (170). In 

accordance with this mechanism, Mfold energy dot blot analysis suggests a highly flexible 

aptamer structure for the reported neomycin aptazymes (see Fig. 3.13) 

Table 3.1. Mfold analysis of neomycin aptazymes: Predicted Mfold structured were 

sub-grouped into catalytically “active HHRs” (stem III according to the consensus 

structure as shown in Fig. 3.12) and “inactive HHRs” (distorted catalytic core). 
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neo-B2 19 1 2  -21.70  -20.70  -7.00

neo-A5 27 1 2  -21.60   -21.30 -2.20

neo-C2 27 0  -  -20.10
 -14.7 (with suboptimality 

reduced to 30)
-4.30

neo-A4 31 7 2  -18.90 -18.70  -5.20

neo-A2 23 17 1  -19.50  -19.50 -6.80

neo-D3 27 22 1  -22.10  -22.10  -8.80

neo-D6 16 3 2  -19.70  -19.60 -5.60
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Next, an experiment was performed to examine the selectivity of the generated aptazyme 

switches (see Fig. 3.14 A). We compared the influence of neomycin on gene expression in 

comparison to paromomycin and amikacin. Neomycin and paromomycin both belong to the 

class of 4,5-substituted deoxystreptamine derivatives. Paromomycin differs from neomycin in 

carrying a hydroxyl group instead of an amine group at position 6 of ring 1. In contrast 

amikacin is a 4,6-substituted deoxystreptamine derivative. Measurement of β-galactosidase 

expression demonstrated that the switching performance was not affected by amikacin and 

slightly by paromomycin. These results are supported by a previous study, in which a 

discriminatory potential of the neomycin aptamer N1 was reported (138). The neomycin 

aptamer N1 strongly binds to neomycin, but only poorly to ribostamycin, a precursor of 

neomycin that lacks ring 4, whereas paromomycin is fully discriminated. Thus, the reported 

neomycin aptazyme switches feature ligand selectivities that that are in accordance with the 

original report on the N1 aptamer. 

We performed additional experiments for the further characterization of the two best best-

performing switches, neo-B2 and neo-A2. In case of the aptazyme neo-B2 a 25-fold down-

regulation of reporter gene expression in response to neomycin was determined. In the 

absence of neomycin neo-B2 displayed 60% of the K2-Gal4 expression level which was 

reduced to 2% at 100 µg/mL neomycin. In contrast, a drop from 12% to less than 1% of K2-

GAL4 expression was measured for aptazyme neo-A2. For future applications it is important 

to investigate the sensitivity of the neomycin switches in respect to the neomycin 

concentration. Therefore, we titrated the neomycin concentration in the growth medium and 

measured reporter gene expression (see Fig. 3.14 B). The genetic switch neo-B2 displayed a 

half-maximum inhibition of gene expression at a neomycin concentration of 0.7 µg/mL and 

the aptazyme neo-A2 at 2.6 µg/mL. For a more wide-spread application including future 

therapeutic strategies, synthetic gene switches should be induced at ligand concentrations 

that are principally achievable in humans. Up to now, most developed artificial RNA switches 

(as the often realized theophylline-dependent genetic switches) require ligand concentrations 

that are toxic when administered in humans. Thus, they are not suited for therapeutical 

applications. In order to judge such applicatory potential the concentrations of half-maximum 

effect of neomycin need to be compared to levels that can in principle be reached in clinical 

setups. A pharmacological survey in humans reported maximum neomycin serum 

concentrations of 4.3 µg/mL (172). The neomycin switch neo-B2 displays a half-maximum 

response at 0.7 µg/mL and the neo-A2 sequence at 2.6 µg/mL, both well below the 

concentrations that are reachable in human sera. Hence, we report very sensitive switches 

that might be useful as effectors for regulating mammalian transgene expression. 

  



 

Figure 3.14. Characterization of neomycin-dependent switches. A) Investigation of 

the selectivity of identified switches. The impact of 100 µg/mL amikacin (grey bars) and 

100 µg/mL paromomycin (white bars) was investigated in comparison to absence of 

aminoglycosides (black bars). B) Neomycin-dependent switches are induced at neomycin 

concentrations in the sub- and low-micromolar range. Yeast cultures expressing K2-Gal4 

(black squares), neo-B2 (red circles), and neo-A2 (blue triangles) were incubated with 

increasing concentrations of neomycin and GAL4 expression was analyzed. Open 

symbols indicate cultures expressing a catalytically inactive version of neo-B2 and neo-

A2 sequences. C) Validation of the proposed switching mechanism. Catalytically inactive 

variants of the switches neo-A2 and neo-B2 were constructed by A-to-G mutations within 

the catalytic core of the HHRs. Binding of neomycin to the aptamer domain was 

prevented by the insertion of the M10 mutation, which is characterized by two U-to-C 

mutations in the terminal loop of the neomycin aptamer. GAL4 expression was analyzed 

by measuring β-galactosidase activity of cultures grown in the absence of effector (black 

bars) and with 100 µg/mL neomycin (grey). A/B/C) S. cerevisiae cultures of the MaV203 

strain were cultivated in synthetic complete medium at 30°C and β-galactosidase 

expression of outgrown cultures was measured. Error bars represent the standard 

deviation of experiments performed at least in triplicates; except for A) K2-Gal4 (n=1). 

Experiments carried out by J. Atanasov as part of her Master thesis (© American 

Chemical Society). 

We performed additional control experiments for the validation of the ribozyme-dependent 

mechanism (see Fig. 3.14 C). Therefore, we constructed catalytically inactive variants of the 

aptazyme switches neo-B2 and neo-A2. The introduction of an A-to-G mutation within the 

HHR core resulted, as expected for a ribozyme-dependent mechanism, in comparable 



 

reporter gene expression levels as the parental K2-Gal4 construct. The β-galactosidase 

activity of cultures expressing the inactivated aptazyme switches stayed constant with 

increasing neomycin concentration. Thus, repression of gene expression upon neomycin 

addition is not due to an unspecific inhibitory effect, but, the reported neomycin switches neo-

B2 and neo-A2 exert their function based on a ribozyme-dependent mechanism. However, it 

requires further control experiments for proofing that neomycin binds to the aptamer binding 

pocket and not to any other RNA structure. In general, aminoglycosides are very potent RNA 

binders and often interact unspecifically with RNA targets. Earlier in vitro studies reported 

that neomycin binds to the minimal HHR motif and inhibits its catalysis with an IC50 of 

approximately 20 µg/mL (120). The reported inhibitory concentration is indeed higher as the 

concentration that was applied for the study of our switches in vivo. Nevertheless, it is 

important to exclude that any OFF-target effects caused by neomycin repressed gene 

expression, thereby validating that the neomycin aptazyme switches exert their function by 

the specific binding of neomycin to the aptamer domain. According to Schroeder, Süß and 

coworkers the neomycin aptamer N1 loses its affinity for its ligand when mutations are 

introduced into the terminal and internal loops (138; 171). For instance a loss of neomycin 

binding was caused by two U-to-C substitutions in the terminal loop, referred to as M10 

mutant. Along these lines the terminal loop of neo-B2 and neo-A2 aptazyme switches was 

modified by introducing the respective M10 mutations (see Fig. 3.12 A). As expected yeast 

cultures expressing the neo-B2-M10 transcript did not display efficient repression of gene 

expression upon neomycin addition (see Fig. 3.14 C). In case of the variant neo-A2-M10 

gene expression levels were even in the absence of neomycin decreased and further 

reduced upon neomycin addition (Fig. 3.14 C). In conclusion, these results validate that the 

neomycin-dependent gene regulation acts specifically via targeting the aptamer domain 

within the mRNA construct. 

3.2.6 Conclusion 

In summary, we introduce a new method into the field of riboswitch technology which permits 

the screening of randomized aptazyme libraries for the identification of the best performing 

genetic switches. The in vivo selection protocol was established and applied to search 

genetic libraries with diversities up to 1x107. In our hands the potential sequence space that 

can be sampled was limited by the actual transformation efficiency in yeast, however 

optimization and up-scaling should allow for searching pools up to 1x109 variants (173). 

In addition we explored a novel format of aptazyme design that more closely resembles the 

architecture of naturally occurring riboswitches. In this setup the aptamer domain precedes 

the ribozyme expression platform, with the potential to form interactions that modulate the 

folding of the expression platform and its function in response to ligand binding to the 



aptamer domain. We demonstrated the suitability of our design by identifying powerful 

genetic switches triggered by theophylline and neomycin. Remarkably, the reported 

neomycin switches belong to the best-performing HHR-based switches known so far and 

respond to their ligand with high sensitivity and selectivity. The question whether the 

aptamer, the selection protocol, or the novel design was enabling this result is rather difficult 

to answer since the influence of an individual factor on the overall performance seems to be 

dependent on the other factors as well. It seems that the specific design utilized 

(its performance in turn often depending on the nature of the aptamer) is the most important 

factor. The first description of applying the neomycin aptamer by Suess and Schroeder 

resulted in moderate to good switching rates (138). However we achieved better results, 

pointing at the conclusion that the design is very important and (at least in this case) the 

aptamer was not limiting the performance in the earlier study. We have seen similar behavior 

with other aptamers as well: The widely employed theophylline aptamer usually results in 

switching performances of 2- to 10-fold in our and several other groups´ results. 

The moderate to good performances are not a cause of sampling limited sequence space, 

since we have sampled a rather large sequence space of 1,000,000 together in combination 

with an often-utilized design in the present study, without identifying significantly improved 

switches. However, with the proper design much higher switching rates are possible by 

screening very small libraries as demonstrated by >100-fold activation rates utilizing a 

theophylline aptamer and a design comprised of a fourth stem attached to stem I of the 

hammerhead ribozyme (174). 

  



 

3.3 Application of ribozyme-based genetic switches in 

Arabidopsis thaliana and Caenorhabditis elegans - cross-

kingdom transferability of HHR motifs 

3.3.1 General considerations 

Ribozymes have emerged as valuable tool in the fields of biotechnology and biomedicine 

(175). In particular the hammerhead ribozyme (HHR) motif has been used for the 

development of RNA devices for biosensing, biocomputing and therapeutical applications. 

However, up to now aptazymes have only been applied as artificial genetic switches to 

control gene expression in S. cerevisiae (122; 164), E. coli (125) and mammalian cells (127). 

Due to the fact that catalysis of RNA cleavage is an intrinsic property of a ribozyme, one 

should expect that the HHR motif is also applicable to control gene expression in other model 

organisms. Indeed, recent bioinformatic predictions disclosed unexpected features of the 

HHR motif including its occurrence with a remarkable high frequency, appearing more than 

10,000 times across all kingdoms of life (75; 79-81; 176). In addition, aptazymes that were 

originally generated as genetic devices in E. coli and yeast were successfully transferred into 

mammalian cells to switch gene expression in response to theophylline (127; 132). Thus, we 

wondered whether aptazymes are also suitable for the application as artificial riboswitches in 

the model organism Arabidopsis thaliana and Caenorhabditis elegans. With respect to the 

utilization of transcription factors, the application of aptazymes as artificial genetic switches is 

beneficial due to several reasons For instance, aptazymes require limited genomic space for 

their encryption because they are small in size and require only a single genomic locus. 

In contrast, TFs require a large genomic space for their encryption and an additional TF-

specific target site needs to be incorporated to control mRNA transcription. Due to the 

modular architecture of aptazymes, the reprogramming of ligand-specificity is facilitated. 

Environmental fluctuations often cause a change in the stoichiometry of the TF levels to its 

target sites resulting in increased genetic noise (92). In contrast, the aptazyme domain is cis-

encoded within the controlled mRNA, ensuring robust control of gene expression even under 

fluctuating environmental conditions. 

3.3.2 Aptazymes as artificial riboswitches in Arabidopsis thaliana 

Artificial genetic switches for conditional gene expression are a powerful instrument to 

precisely control cellular processes. Within the last decades various technologies of 

conditional gene expression emerged exploiting diverse molecular mechanisms (177). 

In addition, the interconnection of individual switches enables the construction of 

sophisticated genetic networks. However, most of the developed artificial devices for 



conditional gene expression were developed for the model organisms E. coli, S. cerevisiae 

and mammalian cells. In contrast, artificial genetic devices for precise regulation of gene 

expression in plants are much less developed. Progress in the field of plant biotechnology 

will ultimately lead to plants with advantageous features. For example, it is of high value to 

engineer plants that resist harsh environmental conditions and plant pathogens, or that 

feature improved growth and crop yield. 

Tools that enable the manipulation of plants are very promising for future agricultural 

challenges. In general the development of transcriptional and translational devices for 

artificial gene regulation in plants is a major challenge and still in its infancy. The best 

developed systems for the spatial and temporal regulation of gene expression are based on 

synthetic promoters and artificial transcription factors (178). The engineering of synthetic 

promoters enables the precise control of transcriptional activity in response to specific 

cellular and environmental signals (179). The rational engineering of a synthetic promoter 

requires the assembly of the core promoter region in combination with multiple cis-regulatory 

elements. As the architecture is highly modular, the generation of a synthetic promoter is 

facilitated by the computational assembly of the individual domains and the empirical testing 

for functionality. On the other hand, artificial transcription factors act as transcriptional 

activators and repressors. They are generated by the fusion of a DNA-binding domain, most 

frequently zinc finger proteins (ZFP) or transcription activator-like effectors (TALEs), to an 

effector domain. The combination of synthetic ligand-dependent promoters in combination 

with engineered TFs is promising for temporally and spatially titrating protein synthesis.  

The application of aptazymes as genetic switches is an alternative strategy for conditional 

gene expression on the post-transcriptional level. Ligand-dependent aptazymes have been 

previously applied to control gene expression in yeast (122; 164), E. coli (125) and 

mammalian cells (127). Important elements of eukaryotic mRNAs are the 5‟-cap and the 

poly(A) tail (180). The integrity of both structures is required to protect the mRNA from 

degradation and for the nuclear export of the mRNA resulting in efficient translation and an 

increased protein production rate. It was previously shown that the insertion of an 

endonucleolytic ribozyme into either the 5‟-UTR or the 3‟-UTR of a eukaryotic reporter gene 

results in highly decreased reported gene expression, because the autocatalytic cleavage of 

the RNA backbone decreases mRNA transcript levels (118; 127; 128). The application of 

aptazymes as eukaryotic mRNA control devices requires the consideration of two important 

factors. First, eukaryotic ribosomes scan the mRNA starting from the 5‟-end and initiate 

translation at the first AUG start codon reached (181). Thus, the insertion of an additional 

sequence into the 5‟-UTR should not create any additional alternative start codons that may 

cause a frameshift of the ribosomal reading-frame. Second, mRNA translation can be 

strongly impaired by secondary structures in the 5‟-leader sequence (162). Often it depends 



 

on the specific host organism to which extent gene expression is impaired by additional 

structural elements. Thus, to avoid interference of the translational apparatus, it is most 

promising to insert the aptazyme into the 3‟-UTR of the mRNA (see Fig. 3.15 A/B). For the 

construction of artificial genetic switches in A. thaliana we aimed for a genetic device, in 

which the expression of an eGFP reporter gene is regulated by the HHR motif. The delivery 

of the expression cassette is facilitated by using a vector for Agrobacterium tumefaciens-

mediated transformation of A. thaliana plants. Genetic engineering using A. tumefaciens is a 

powerful technology that facilitates the genomic manipulation of plant genomes by the 

random insertion of a DNA construct into one or more loci (182). 

 

Figure 3.15. Schematic illustration of an artificial genetic device for the in vivo 

study of ribozyme catalysis in A. thaliana. A) The HHR motif is located in the 3‟-UTR 

of an eGFP reporter gene. The complete 5.5 kb fragment that is chromosomally inserted 

into the host genome is shown including the BaR gene cassette encoding herbicide 

resistance. Enhanced GFP transcription is driven by the cauliflower mosaiv virus (CaMV) 

35S promoter and terminated by the OCS3 terminator. Ribozyme catalysis results in 

degradation of the eGFP mRNA whereas a catalytically inactive variant mRNA levels 

remain unaffected leading to protein expression. B/C) Secondary structure of the B) 

S. mansoni type I HHR and C) theophylline-dependent P1-F5 aptazyme. 

For this purpose, we first constructed a vector (pmEZT-CL) that facilitates cloning of HHR 

motifs into the 3‟-UTR of an eGFP reporter gene. In a first step, a DNA sequence encoding 

the eGFP reporter gene and the OCS3 terminator were molecularly subcloned into a 

bacterial vector containing a pUC origin of replication and an ampicillin resistance gene. In a 

second step, unique endonuclease sites for EcoRI and KpnI were created immediatelly 

downstream of the translational stop codon. Next, a catalytically active type I HHR motif 

derived from S. mansoni (wt HHR) and the theophylline-dependent aptazyme switch P1-F5 

was inserted (see Fig 3.15 B/C) (127). The wild-type HHR was originally reported by Mulligan 

and coworkers and was shown to be highly active in mammalia, yeast (see Fig. 3.9) and 

E. coli (118; 127; 183). The theophylline-dependent aptazyme P1-F5, originally generated by 



screening a randomized aptazyme library in mammalian cells, induces ribozyme-mediated 

scission of the RNA backbone upon ligand binding (127). In recent studies it was utilized to 

control transgene expression and viral replication in the oncolytic measle virus and 

adenoviruses (128; 129). We also included important controls that feature catalytically 

inactive HHR motifs due to an A-to-G mutation in the catalytic core. Finally, the expression 

cassette encoding the eGFP open reading frame, the HHR motif and the OCS3 terminator 

were amplified by PCR and transferred into the final A. tumefaciens destination vector 

pEarleyGate-100 by topoisomerase-mediated molecular cloning (184). All subsequent 

experiments including the topoisomerase-integrated integration of the expression cassette 

into the A. tumefaciens vector, the transformation of the A. thaliana plants, and the 

characterization of the plants with varying theophylline concentrations were conducted by 

Dietmar Funck and are described in the Bachelor thesis of Alexander Rex (AG Funck). In the 

following section the most important findings are presented, which demonstrate the 

functionality of aptazyme-based artificial gene regulation in the model organism A. thaliana. 

First, toxicity assays in A. thaliana plants demonstrated that concentrations of up to 10 mM 

theophylline do not cause any visible morphological changes to the plant. Previous studies 

using the P1-F5 aptazyme in E. coli, S. cerevisiae and mammalian cells showed that a half 

maximum change in gene expression was observed at theophylline concentration of 700 µM 

(125; 127). Thus it was concluded, that a sufficiently high concentration of the ligand for 

triggering the genetic switch can be reached in vivo. The selection of genetic engineered 

A. thaliana plants was performed by selecting for BASTA® resistance expression. 

As A. tumefaciens mediated genetic engineering also results in plants with multiple inserts of 

the artificial genetic device, the eGFP expression of the selected plants was examined. 

Plants of the T1 generation were grouped according to the strength of the eGFP 

fluorescence signal (see Fig. 3.16 A). As expected, plants that were transformed with the 

catalytically inactive wt HHR and P1-F5 aptazyme constructs showed predominantly very 

high eGFP expression levels. In contrast, the active wt HHR caused a drastic decrease in 

eGFP expression. As expected, the active P1-F5 showed intermediate eGFP expression. 

Plants that were transformed with wt eGFP construct displayed reduced eGFP expression 

values in comparison to the catalytically inactive aptazyme constructs. For the 

characterization of the artificial riboswitch P1-F5 in A. thaliana the eGFP fluorescence at 

varying theophylline concentration was determined (see Fig. 3.16 B). The theophylline 

solution was infiltrated into leaves by injection. The eGFP expression was determined 

relative to the chlorophyll content of the leaves. Leaves were infiltrated for 4 days with 5 mM 

theophylline solution. While a decrease of eGFP expression was measured for the 

catalytically active P1-F5 riboswitch, no effect was measured for the catalytically inactive 

variant. Apparently, the binding of theophylline to the aptamer domain of the active P1-F5 



 

results in enhanced ribozyme cleavage, which reduces eGFP expression. Northern blot 

analysis was conducted for the validation of the eGFP mRNA degradation after ribozyme 

cleavage (see Fig. 3.16 C/D). Leaves were infiltrated with 2.5 mM theophylline solution for 

48 h. Indeed, when leaves were infiltrated with the ligand, the aptazyme P1-F5 induces a 

decrease in eGFP mRNA levels.  

In summary, these results demonstrate that aptazymes are well suited as artificial genetic 

devices in A. thaliana. A better switching performance could be achieved by the insertion of 

multiple aptazymes, which was successfully performed in mammalian cells (128; 185). In 

addition, aptazymes with other ligand specificities could be used. For example, aptazymes 

for TPP (89) have been described and switches that are triggered by temperature (140) or 

small RNAs (this thesis). Combinations of individual switches could be employed to construct 

sophisticated genetic circuits that perform Boolean logic computations. 

 

Figure 3.16. In vivo analysis of the theophylline-dependent aptazyme P1-F5 in 

A. thaliana. A) Investigation of eGFP expression of herbicide-selected A. thaliana plants 

that were generated by A. tumefaciens-mediated transformation. (-) no eGFP expression, 

(+) low eGFP expression, (++) medium eGFP expression, (+++) high eGFP expression. 

B) Investigation of plants that were infiltrated with theophylline solution (+) in comparison 

to H2O-treated (-) plants. Fluorescence intensity was measured relative to the chlorophyll 

content. C/D Northern blot analysis of H2O-treated (-) and theophylline-treated (2.5 mM; 

+) A. thaliana plants C) The total RNA was extracted and separated by size using 

agarose gel electrophoresis. For visualization the gel was exposed to UV light. 

D) Detection of the eGFP mRNA transcript by Northern blot analysis. Experiments carried 

out by D. Funck and A. Rex.  



3.3.3 Aptazymes as artificial riboswitches in Caenorhabditis elegans 

The nematode worm C. elegans is a popular model organsims for studying genetics, 

neurobiology, the development of multicellular organisms and molecular processes. 

It consists of approximately 1,000 cells and the developmental fate of each individual cell has 

been determined. However, the spatial and temporal organizations of the molecular networks 

that rule processes such as development are much less understood due to the lack of 

suitable methods. To gain further insights into this process requires the application of genetic 

devices for conditional gene expression. By now, the most widely used method is the 

application of RNA interference (RNAi) technology to manipulate the expression of 

endogenous genes (186). Induced gene knockdown by RNAi is a powerful method, but it 

cannot be used for studying the nervous system in which RNAi efficiency is low. In contrast 

to mammalian systems, there is a lack of ligand inducible gene expression systems in 

C. elegans. While there are multiple artificial systems for triggering gene expression with 

small molecules in mammalian cells (187-189), for example the tetracycline repressor 

system or the phloretin-inducible system, only one has been described for C. elegans (190). 

However, the use of quinic acid efforts extensive genetic engineering of C. elegans because 

multiple inserts need to be chromosomally integrated.  

A technical advance would be the application of aptazymes for post-transcriptional regulation 

of gene expression in C. elegans. For its realization we envisioned to apply the same 

strategy as employed for A. thaliana. We aimed for the integration of the aptazyme into the 

3‟-UTR of a suitable reporter gene. The C. elegans plasmid pCFJ90-Pmyo-2::mCherry::unc-

54utr (191) seemed to be well suited for our purposes (191). It features mCherry under 

control of a myo2-promoter, which results in tissue specific expression in the pharynx. For a 

proof-of-principle we inserted a catalytically active and inactive variant of a type III HHR 

derived from S. mansoni into the 3‟-UTR of the mCherry reporter gene (see Fig. 3.17 A/B).  

In vivo experimentation was conducted by Martin Gamerdinger (AG Deuerling, Univeristy of 

Konstanz) and included the stable integration of the artificial genetic device into C. elegans 

and a fluorescence microscopic analysis (see Fig. 3.18). Worms were genetically engineered 

to express eGFP tissue-unspecifically and mCherry in the pharynx. Microscopic analysis 

demonstrated that worms in which the mCherry mRNA harbors an inactive HHR displayed 

strong mCherry fluorescence. In contrast, an active HHR caused drastically reduced 

mCherry fluorescence. Apparently, ribozyme-mediated cleavage of the mCherry mRNA 

results in reduced transcript level. These results demonstrate the applicability of the newly 

developed reporter system. We next replaced the S. mansoni HHR motif by ligand-

dependent aptazymes (see Fig. 3.17 C/D/E). For further analysis the well characterized 

aptazyme switches responding to theophylline (P1-F5) (127), to TPP (2.5) (89), and to 



 

neomycin (neoB2; this study) were inserted into the pCFJ104-Pmyo-3::mCherry::unc-54utr 

plasmid. A catalytically inactive variant of each aptazyme was also included as control. The 

in vivo investigation of the aptazymes as genetic switches of gene expression in C. elegans 

is currently under investigation.  

 

Figure 3.17. Schematic illustration of an artificial genetic device for the in vivo 

study of ribozyme catalysis in C. elegans. A) The HHR motif is located in the 3‟-UTR 

of a worm mCherry reporter gene. The cassette is chromosomally inserted into the host 

genome. Worm mCherry transcription is driven by a pMYO-2 promoter leading to 

selective expression in pharyngeal muscle cells. Ribozyme catalysis results in 

degradation of the worm mCherry mRNA. In case of a catalytically inactive variant mRNA 

levels remain unaffected leading to protein expression. B) Secondary structure of the 

S. mansoni type III HHR integrated into the 3‟-UTR. C/D/E) Small molecule-dependent 

aptazymes under investigation for conditional gene expression. C) Theophylline-

dependent P1-F5 aptazyme. D) TPP-dependent aptazyme 2.5. E) Neomycin-dependent 

aptazyme neoB2.  



 

Figure 3.18. In vivo Investigation of HHR activity in C. elegans by fluorescence 

microscopy. GFP and worm mCherry expression cassettes were chromosomally 

integrated into the host genome. The effect of a catalytically inactivated S. mansoni type 

III HHR on mCherry expression (top) is shown in comparision to the catalytically active 

variant (bottom). Experiment carried out by M. Gamerdinger (AG Deuerling). 

3.3.4 Investigation of the cross-kindom transferability of natural 

hammerhead ribozyme motifs by a comparative in vivo analysis 

Recent bioinformatic predictions disclosed unexpected features of the HHR motif which await 

further validation. First, the HHR motif occurs with a remarkable high frequency, appearing 

more than 10,000 times, across all kingdoms of life (75; 79-81; 176). Interestingly, the 

appearance of the HHR motif in diverse genomic contexts suggests important biological 

functions, including recombination events, regulation of gene expression, and in the 

maturation of non-coding RNA (75; 77; 81; 176; 192). Besides these assumed functional 

attributes, novel structural features were discovered. Previous studies revealed a kissing 

loop interaction by non-Watson-Crick basepairing as tertiary interaction between stem I and 

stem II for enhanced cleavage activity. Strikingly, Breaker et al. and Luptak et al. 

demonstrated that the formation of a pseudoknot structure by at least four consecutive 

nucleotides interacting via canonical Watson-Crick contacts also supports fast-cleaving 

kinetics in vitro (75; 79). Bioinformatics predicted such pseudoknot structures in all three 

permuted types of the HHR motif (75).  

An important step towards a better understanding of the biological relevance, of the structural 

features, and of the genetic functions for each newly found HHR motif requires 

experimentation in vivo. Considering, that it is not possible to study each predicted HHR 

motif in its respective host organism from the current state of technology, alternative 

biotechnological techniques need to be developed and applied to elucidate these important 



 

questions. In this study we performed a comparative in vivo study in which we investigated 

the catalytic activity of natural HHRs from all three topological types. Our examination 

revealed unexpected features, when a distinct HHR was shuttled between bacterial, 

mammalian and yeast cells indicating that RNA function is more variable as previously 

thought and is impacting current theories on the structure-function relationship and on the 

evolution of functional RNAs. 

3.3.4.1 Hammerhead ribozyme representatives of all three topologies were 

chosen for the comparative in vivo study 

The HHR motif is a perfect model for studying the structure-function relationship of RNA. 

Recent studies unveiled novel structural features of naturally occurring HHRs including the 

existence of type II HHR motifs in diverse genomic contexts and the formation of a 

pseudoknot structure as tertiary interactions between stem I and stem II for enhanced 

catalytic activity (75; 79; 81; 176; 192). For the comparative in vivo analysis of ribozyme 

catalysis in Escherichia coli, Saccharomyces cerevisiae, and mammalian cells, we randomly 

selected eight natural HHR motifs (see Fig. 3.19). We chose HHR motifs of all three circularly 

permutated topologies, that are predicted to be fast-cleaving, either due to kissing loop or 

pseudoknot interactions between stem I and stem II. Representatives of the type I HHR motif 

(see Fig. 3.19 A) were originally discovered in the mouse gut metagenome (75) (mouseMG) 

and Yarrowia lipolytica (75), the type II HHR motifs (see Fig. 3.19 B) originate from 

Roseburia intestinalis (77) and sewage microbiome sequencing data (79) (SewR3-00810s-

1), and the representatives of the type III HHR motif (see Fig. 3.19 C) are found in the 

satellite Lucerne Transient Streak Virus (-) (85) (sLTSV(-)), the Chrysanthemum Chlorotic 

Mottle Viroid(-) (193) (CChMVd (-)), Arabidospsis thaliana (194), and in sequencing data of 

the marine metagenome (75) (marineMG). Thus, the selected representatives of the HHR 

motif originate from different forms of life including eukaryotes, prokaryotes, and subcellular 

pathogens.  

Except for the type III HHR motifs found in A. thaliana and in the plant pathogens, sLTSV(-) 

and CChMVd(-), all other HHR motifs are predicted to gain fast-cleavage kinetics due to a 

pseudoknot interaction between stem I and stem II. Indeed, determination in vitro cleavage 

kinetics of SewR3-00810s-1 HHR yielded a kobs value of 23 ± 9 min-1 at 1 mM Mg2+ and 25 ± 

8 min-1 at 10 mM Mg2+ (79)(140 mM KCl, 10 mM NaCl, 10 mM Tris buffer, pH 7.4 at 37°C; for 

comparison: S. mansoni HHR 6.7 ± 0.2 min-1 at 37°C). Similarly, fast cleaving kinetics were 

also determined for the HHR motif found in A. thaliana (194) (kobs: 2.2 min-1; 0.5 mM MgCl2, 

10 mM NaCl, 10 mM Tris buffer, pH 7.6 at 25°C), CChMVd(-) (195) (kobs: 2.58 ± 0.11 min-1; 

10 mM MgCl2, 50 mM PIPES-NaOH, pH 6.5 at 25°C) and vLTSV (117) (kobs: 1.4 min-1; 0.1 

mM MgCl2, 50 mM Tris buffer, pH 7.0;  at 37°C; for comparison: minimal cis-cleaving HH2 



0.02 min-1). In case of the four remaining HHR motifs (mouseMG, Y. lipolytica, R. intestinalis, 

and marineMG) there is no further information available in literature concerning their catalytic 

activity in vitro and in vivo.  

 

Figure 3.19. Hammerhead ribozyme representatives of all three topological types 

were chosen for the comparative in vivo study. Sequences and secondary structures 

are shown. A) Type I HHR motifs B) Type II HHR motifs and C) Type III HHR motifs. 

Nucleotides that are important for the formation of tertiary interactions are depicted in 

blue for pseudoknot interactions based on canonical Watson/Crick basepairing and in red 

for kissing-loop interactions featuring non-canonical basepairing. All HHR motifs are 

predicted to support fast-cleaving kinetics. An A-to-G mutation within the catalytic core of 

the HHR motif results in a catalytically inactive variant. Asterisk marks a nucleotide that 

was absent in case of the active HHR variant. The cleavage site is marked by an 

arrowhead. 

3.3.4.2 Artificial gene expression systems for the comparative in vivo study of 

HHR catalytic activity in human cells, S. cerevisiae, and E. coli 

For precisely characterizing the in vivo catalysis of ribozymes, we made use of artificial 

genetic devices for mammalian cells, S. cerevisiae, and E. coli (see Fig. 3.20 A-C). 

We aimed for the application of artificial genetic systems that permit investigating the HHR 

motifs in a genetic context that does not require the introduction of additional mutations into 

the chosen HHR motifs and that decouples the structural assembly of the HHR motif from the 

influence of neighboring sequences.  The catalytic activity of each investigated HHR motif 

should be scored by comparing the expression levels of a reporter gene that is controlled by 



 

a catalytically active wild-type HHR motif to the expression of a transcript that instead carries 

the catalytically inactive counterpart. Indeed, the introduction of a single A-to-G mutation is 

sufficient to withdraw the ribozyme-dependent self-cleavage of the RNA backbone (118).  

In eukaryotic cells the stability of an mRNA is highly dependent on the 5‟-cap and the poly(A) 

tail structures (180). The integrity of both structures ensures a prolonged life-time and 

nuclear export of the mRNA resulting in efficient translation and an increased protein 

production rate. In principle, the insertion of a ribozyme into either the 5‟-UTR or the 3‟-UTR 

of a eukaryotic reporter gene results in efficient translation repression due to the autocatalytic 

cleavage of the RNA backbone decreasing mRNA transcript levels (118; 127; 128). 

Eukaryotic ribosomes possess a unique scanning mechanism, which causes translation 

initiation at the first AUG start codon reached (181). Thus, the insertion of any additional 

sequence into the 5‟-leader sequence of a reporter gene may severely impact its expression 

in case that an additional start codon is created. We analyzed the chosen HHR 

representatives for the occurrence of any AUG triplet and identified at least one per 

sequence, except for the marineMG HHR. To prevent any inhibitory effect on reporter gene 

expression by alternative start codons, we decided to insert the HHR sequences into the 3‟-

UTR of a hRluc reporter gene encoded on the psiCHECKTM-2 vector (see Fig. 3.20 A). Thus, 

in contrast to the Renilla luciferase expression, which depends on ribozyme activity, the 

expression of firefly luciferase encoded on the same plasmid is ribozyme-independent. 

This genetic setup is beneficial because the orthogonal read-out of both luciferase activities 

by a dual luciferase assay, allows for normalization of reporter gene expression, hence, to 

reduce noise resulting from varying transfection efficiencies, fluctuating cell numbers, and 

environmental fluxes. 

For the construction of a yeast genetic device, we controlled the expression of the GAL4 

transcription factor by ribozyme catalysis (see Fig. 3.20 B). The HHR representatives were 

inserted into the 3‟-UTR, because secondary structures in the 5‟-leader sequence of an 

mRNA severly impair gene expression in S. cerevisiae. The GAL4 gene, encoded on a low-

copy number yeast vector, is under control of a constitutive CYC1 promoter. The same 

genetic setup was used to screen randomized libraries of aptazymes for allosteric switches 

of gene expression controlled by aminoglycoside antibiotics (see 3.2). In vivo experiments 

are conducted in the S. cerevisiae MaV203 strain, which features a chromosomally encoded 

LacZ gene under control of a GAL4-inducible promoter. MaV203 cells are mutated in their 

endogenous GAL4 and GAL80 genes coding for the GAL4 transcription factor and its 

repressor. Cleavage of the GAL4 mRNA by a catalytically active HHR results in rapid mRNA 

degradation and, thus, low GAL4 protein levels and reduced LacZ expression levels. In 

contrast, maximal GAL4 mRNA levels are reached, when HHR catalysis is fully inhibited by 

the insertion of an A-to-G mutation, which results in strong LacZ expression. β-Galactosidase 



expression levels are quantitatively determined by the enzymatic analysis of β-galactosidase 

activity. 

In case of the bacterial genetic device in E. coli we inserted the chosen HHR motifs into the 

5‟-UTR of an enhanced green fluorescence protein (eGFP) reporter gene (see Fig. 3.20 C) 

which is under control of a constitutive promoter. Transcription is driven by the endogeneous 

E. coli RNA polymerase. In E. coli processing of an RNA transcript by a ribozyme results in a 

3‟-fragment with a prolonged cellular life-time. Cleaved transcripts carry a 5‟-OH group that is 

not a substrate for exonucleolytical digestion, whereas non-cleaved mRNA transcripts are 

subjected to a high turn-over rate in E. coli (126). This genetic mechanism contrasts the one 

of the glmS riboswitch found in B. subtilis in which the 3‟-cleavage fragment is degraded by 

the RNase J1 (66; 67). A comparable genetic setup, as the one applied in this study, was 

already applied earlier by Keasling and coworkers; demonstrating that reporter gene 

expression is a function of ribozyme catalysis (151). 

3.3.4.3 Comparative in vivo analysis reveals the host organism as a major 

determinant of ribozyme catalysis  

We performed in vivo experimentation by utilizing the well characterized artificial genetic 

devices for E. coli, yeast, and mammalian cells described in the previous section 

(see Fig. 3.20 D-F). For the comparative in vivo analysis of ribozyme catalysis we 

constructed for each expression system a series of reporter plasmids featuring a reporter 

gene, on the one hand under control of a catalytically active HHR motif, and on the other 

hand under control of their catalytically inactive counterparts (see Fig. 3.19). A total of eight 

naturally occurring HHR representatives were chosen covering variants of each circularly 

permutated class and originating from different forms of life including eukaryotes, 

prokaryotes, and subcellular pathogens. Importantly, we also included a positive control 

(positive ctrl.) for each organism-specific device in which no additional sequence was 

inserted into either the 5‟-UTR for the E. coli device, or the 3‟-UTR in case of the eukaryotic 

devices in yeast and human cells. By comparing expression values of a reporter gene under 

control of a catalytically active HHR in comparison to a catalytically inactive HHR variant we 

assessed the in vivo ribozyme catalysis.  

The result of the mammalian devices (see Fig. 3.20 D), which were transiently transfected 

into the human HeLa S3 cell line, demonstrate that all investigated HHR motifs, except for 

R. intestinalis and marineMG, have at least some propensity to fold into their catalytically 

active conformations. Reporter gene expression of the non-cleaving HHR variants is high. 



 

 

Figure 3.20. Comparative in vivo analysis of HHR catalysis. Schematic illustration of 

artificial genetic devices for the in vivo study of ribozyme catalysis in A) mammalia, 

B) S. cerevisiae and C) E. coli. A) The HHR motif rests in the 3‟-UTR of a Renilla 

luciferase reporter gene (hRluc) encoded on the psCHECK
TM

-2 vector. The ribozyme-

independent expression of firefly luciferase (hLuc+) from the same plasmid is used for 

normalization of hRluc reporter gene expression. B) Ribozyme catalysis by a HHR 

located in the 3‟-UTR of a plasmid-encoded GAL4 gene regulates the expression of a 

chromosomally encoded LacZ gene driven by a GAL4-inducible promoter. C) In E. coli 

eGFP expression is controlled by the insertion of the HHR motif into the 5‟-UTR. D-

F) Comparative in vivo analysis of ribozyme catalysis. Catalytically active and inactive 

representatives of the HHR motif were inserted into the genetic devices and reporter 

gene expression levels were measured. D) Mammalian experiments were conducted in 

the HeLa S3 cell line. Transiently transfected cells were cultivated at 37°C and reporter 

gene expression was calculated by normalizing luciferase activities of hRluc to hLuc+. 

E) β-galactosidase expression of outgrown yeast cultures was measured. S. cerevisiae 

MaV203 strain were cultivated in synthetic complete medium at 30°C. F) Cultures of the 

E. coli TOP10 strain were grown at 37°C and eGFP expression levels were determined. 

D-F) Green circles: reporter gene controlled by catalytically active HHR; red squares: 

reporter gene controlled by a catalytically inactive HHR. Grey bars: scored ribozyme 

catalysis measured as fold change in reporter gene expression. Error bars represent the 

standard deviation of experiments performed in triplicates. Experiments shown in E and F 

carried out by E. Höllmüller as part of her Bachelor thesis. 

  



The best performing sLTSV(-) type III HHR suppresses reporter gene expression 60-fold 

relative to its non-cleaving variant. As second best performing ribozyme the type I mouseMG 

HHR was identified, which inhibits reporter gene expression by a factor of 22. A less than 10-

fold regulation was measured for the CChMVd(-), the SewR3-00810s-1 and the Y. lipolytica 

HHRs ranging from 6.5-fold for the first to 4.1-fold for the latter one. In contrast the 

A. thaliana HHR weakly down-regulated reporter gene expression by a factor of 1.4. 

No impact on reporter gene expression at all was determined for the assumed active 

R. intestinalis and marineMG HHRs, which are therefore classified as catalytically inactive in 

mammals. These results demonstrate that there is a drastic heterogeneity of ribozyme 

catalysis between all investigated HHR representatives. Notably, HHRs of all three 

topological types are able to self-cleave in a cellular environment. Up to our knowledge this is 

the first demonstration of a catalytically active type II HHR in a cellular setup. In addition, our 

results imply that the formation of a pseudoknot structure between stem I and stem II 

supports fast-cleaving HHR kinetics in mammalian cells. 

Next, we investigated the identical HHR representatives in S. cerevisiae (see Fig. 3.20 E). 

The HHR variants were inserted into the yeast genetic device and ribozyme catalysis was 

assessed by measuring β-galactosidase activity. Importantly, to exclude the formation of 

alternative secondary structures between the yeast and mammalian genetic devices, the 

nucleotides flanking the HHR motifs in yeast were identical to the ones used in the 

mammalian device. Adenosine-rich flanking sequences were chosen to diminish the 

likelihood of interference with HHR structure formation. The determination of β-galactosidase 

activity revealed that the active sLTSV(-), CChMVd(-) HHRs efficiently reduced gene 

expression by a factor of 53 in comparison to their catalytically inactive variants. A slight 

reduction of reporter gene expression of 1.7-fold was measured in case of the A. thaliana 

HHR. However, the active variant of all other investigated HHR representatives did not 

suppress reporter gene expression and are therefore considered as being catalytically 

inactive in yeast. In contrast to the mammalian results, in which ribozyme catalysis was 

observed for all three HHR topologies, only representatives of the type III HHR motif are 

catalytically active in yeast. In principle also type I configurations are able to self-cleave in 

yeast, as previously demonstrated for the S. mansoni HHR motif (see Fig. 3.9). However, 

previous results also showed that ribozyme catalysis drastically declines in yeast (reporter 

gene expression increased by more than two orders of magnitude) when a type III HHR motif 

is changed to the type I topology (183). In case of the non-cleaving active HHR motifs, the 

results point to the existence of a structural constraint that is related to the predicted 

pseudoknot interaction. These tertiary interactions are supposed to provide fast-cleaving 

kinetics; however, in vivo experimentation in yeast demonstrated for all investigated HHR 

motifs featuring pseudoknot structures, that they are catalytically inactive. Importantly, the 



 

mouseMG, Y. lipolytica and SewR3-00810s-1 HHRs, featuring pseudoknot interactions, were 

all shown to self-cleave in HeLa S3 cells, but lose their property of catalysis in yeast cells.  

A more thorough discussion is required for the striking result of differences in ribozyme 

catalysis between yeast and mammalian cells. This phenomenon is best exemplified by the 

mouseMG HHR. Although the mouseMG HHR is highly active in HeLa S3 cells, ribozyme 

catalysis is not supported in MaV203 cells. Similarly, the CChMVd(-) HHR, which is as active 

as the sLTSV(-) HHR in yeast cells, shows a comparatively low activity in mammalian cells. 

Strong differences are also observed for the Y. lipolytica and the SewR3-00810s-1 HHRs. 

Our results point to host organism-specific factors which rule the structural organization of 

functional RNAs, as exemplified with the HHR motif. One could speculate that HHR catalysis 

but not RNA structure is altered, when a ribozyme motif is transferred between different 

organisms. However, the results for the sLTSV(-) HHR, clearly demonstrate that both 

organisms provide efficient ribozyme catalysis. This observation is also supported by 

previous reports, demonstrating that the S. mansoni and the sTRSV(+) HHR motifs are both 

capable to support fast-cleaving kinetics in yeast, bacterial and mammalian cells (118; 122; 

125; 127; 151; 164; 183). 

Indeed, the hypothesis that RNA structure, thus ribozyme catalysis, is strongly organism-

specific is supported when the HHR representatives are investigated in a bacterial genetic 

device in E. coli (see Fig. 3.20 F). The investigated HHR motifs displayed an altered pattern 

of ribozyme catalysis in E. coli in comparison to mammalia and yeast. In general, the 

observed E. coli phenotype resembles the mammalian one closer than the yeast one, 

because ribozyme catalysis occurs independently of a specific topology in E. coli. There is a 

strong difference for the R. intestinalis HHR that displays in vivo catalysis in E. coli, but is 

catalytically inactive in yeast and mammalia. In addition, the sLTSV(-) HHR, that was shown 

to be at least as active as the CChMVd(-) HHR in yeast and mammalia, catalyzes RNA-

cleavage to a lesser extent in E. coli than the CChMVd(-) HHR.  

As the phenomenon of host-specific ribozyme catalysis is observed for diverse HHR motifs 

with different sequences, factors that sequence-specifically bind to the HHR motif are ruled 

out. In general protein factors, RNA chaperones and helicases, as well as physicochemical 

cues are strong determinants of RNA structure (8; 196; 197). Current theories on the 

dynamical aspect of RNA structure consider a model of a rugged hierarchical RNA structural 

free energy landscape with a polymorph RNA structure (8; 197-199). According to this a high 

energetic barrier for the structural reorganization on the secondary level exists. In addition, 

structural dynamics on the tertiary level are characterized by moderate, localized differences 

due to an alternative base-pairing pattern or altered tertiary structural elements. Usually, 

these conformational transitions do not cause comprehensive changes in the secondary 

structure, however, could account for moderately altered ribozyme catalysis, as observed for 



the HHR motifs featuring kissing-loop interactions, or the general changes in ribozyme 

catalysis between mammalia and E. coli. In contrast, a digital response is observed for 

pseudoknotted HHR motifs when transferred from mammalia or E. coli into yeast, which 

could be explained by a kinetically trapped alternative RNA secondary structure impaired in 

ribozyme catalysis. Taken together our results indicate that a tertiary interaction based on a 

pseudoknot is more structurally constrained by organism-specific traits than tertiary 

interactions based on a kissing loop. 

In summary, these results support the hypothesis, that an RNA sequence possesses a 

polymorph structure (8; 197-199), which strongly depends on the intracellular milieu of its 

host organism. Our studies point to the formation of the pseudoknot interaction for being a 

major structural constraint. Whereas HHR motifs with a kissing loop interaction moderately 

change ribozyme catalysis, self-cleavage of HHRs featuring a pseudoknot is drastically 

affected in an organism-specific manner. Our results are of major impact in various fields of 

interest. For example, the fact that most HHR motifs found in viroidal and viral plant 

pathogens are characterized by a kissing-loop interaction (195) points to an evolutionary 

advantage of this structural motif. As demonstrated in this study, kissing loop interactions are 

less prone to an organism-specific structural reorganization, which might allow plant 

pathogens to invade a broader range of hosts and in turn makes it more difficult for the 

infected plant to become resistant by developing mechanisms to inhibit ribozyme catalysis. 

Consistently, HHR motifs featuring a kissing loop interaction are majorly found in repetitions 

within selfish RNA elements like retrotransposons (75). In contrast, pseudoknotted HHRs 

might be beneficial for gene regulatory purposes as assumed by Breaker and coworkers 

(75). Indeed, many riboswitches feature defined pseudoknots that rule large scale 

conformational dynamics upon ligand interaction (200). The results are of major interest in 

the field of artificial riboswitches. Our findings impact the application of computer-aided (97; 

151; 201) and in vitro high-throughput technologies (202) for the generation of artificial RNA-

based switches because additional factors, not yet considered, influence the cellular function 

of an RNA device. Implementing organisms-specific factors into RNA-folding predictions and 

into in vitro systems will ease the construction of increasingly complex synthetic RNA-based 

genetic networks in vivo.   



 

5. Summary and Outlook 

Recent progress in the field of synthetic biology demonstrated the great potential of artificial 

riboswitches for the genetic engineering of cellular networks on the post-transcriptional level 

enabling investigation of cellular function and the precise tuning of defined cellular 

responses (2). As cellular RNAs feature a highly modular architecture, new avenues for the 

construction of artificial genetic switches are opened up. Indeed, ligand-dependent control of 

gene expression was achieved by the fusion of aptamer domains to functional RNAs, thereby 

allosterically controlling the RNA structural organization. Similarly, by taking advantage of 

self-cleavable RNA domains, ribozymes and their ligand-controllable derivatives, called 

aptazymes, can be employed for the construction of artificial riboswitches. Approaches in 

which the ribozyme serves as the expression platform benefit from being highly modular in 

respect to ligand selectivity and genetic context. Aptazymes show great potential for 

biotechnological purposes, as recently demonstrated by regulating the amino acids identity of 

a protein during translation using designer tRNAs (133), and for future therapeutical 

applications, as highlighted by aptazymes that were successfully applied to control transgene 

expression and replication of oncolytic viruses (128; 203). Despite these impressive 

examples, limiting factors restricting the therapeutical applications and a more widespread 

application of aptazyms as genetic switches have been the low switching performance, a 

small set of effector molecules available, and the requirement for toxic ligand concentrations. 

Realizing the potential of ribozyme-based riboswitches requires new concepts for ligand-

dependent regulation and sophisticated methods for their generation. The scope of this 

thesis was the development of novel technologies that facilitate and improve the generation 

as well as the performance of artificial riboswitches. 

The first part of this work addressed the generation of a genetic device in which artificial 

small RNAs serve as trigger molecules for the intracellular regulation of HHR activity. 

A common mechanism of bacterial riboswitches rests upon ligand-controlled exposure or 

occlusion of the ribosomal binding site. Inspired by natural riboswitches, Wieland and Hartig 

designed artificial riboswitches in which autocatalytic cleavage by the HHR frees the RBS 

(125). In this thesis, a HHR-based riboregulatory system was rationally engineered by the 

attachment of a trans-acting RNA-responsive element to the ribozyme motif, termed TR-

HHR. The constructed riboregulatory system features robust switching performance upon 

duplex formation between the taRNA with its target TR-HHR. A strongly improved regulation 

was assessed by fusing a second HHR, termed 5P-HHR, to the taRNA for 5‟-processing, 

thereby assumingly increasing taRNA stability and the accessibility of the 5‟-seed region. 

Additional factors that strongly impact the switching performance are the degree of 

complementarity, the ratio of taRNA transcription rate over target mRNA transcription rate, 



and defined structural features. To our knowledge the reported genetic device is the first 

example of a ribozyme, whose activity was tuned by the binding to a small RNA in vivo. 

Due to the general basepairing rules, the generation of orthogonal genetic switches is 

facilitated. By demonstrating that RNA is well suited as intracellular transmitter, the study 

provides a technology for the construction of more complex genetic networks. For example, 

the technology enables the engineering of artificial riboregulatory networks in which one 

taRNA can target several mRNAs and for the cascading of individual switches. In addition to 

controlling translation initiation, the reported TR-HHR and its taRNA could be utilized to 

control the function of tRNAs, rRNA, and pri-miRNA 

Next, a reliable and straightforward method is presented that facilitates the in vivo search of 

randomized sequence pools for the best performing ribozyme-based genetic switches in 

S. cerevisiae. The method was used to screen clonal libraries with diversities up to 1x107, 

however, an optimized transformation procedure should allow for searching pools of up to 

1x109 variants. The general strategy is based on the insertion of a ribozyme motif into the 3‟-

UTR of the GAL4 transcription factor in order to control its expression depending on the 

autocatalytic activity of the ribozyme. While an active HHR cleaves the GAL4 mRNA to 

stimulate mRNA degradation and reduce GAL4 protein expression, the inhibition of the HHR 

activity increases GAL4 mRNA levels and triggers GAL4 expression. We conducted the 

screening in the S. cerevisiae MaV203 strain that chromosomally-encodes the GAL4-

inducible reporter genes HIS3, URA3, and LacZ. The enrichment of switches requires a 

negative and positive selection step of which one or the other is performed in the presence of 

the respective ligand, depending on whether ON- or OFF-switches of gene expression 

should be generated. First, yeast cells with high GAL4 expression levels are enriched by 

competitively inhibiting HIS3 activity with 3-AT. In the second step, only switches that are 

triggered to express low levels of GAL4 protein are able to grow on selection medium 

supplemented with 5-FOA. Finally, switches are identified and characterized by quantitative 

analysis of LacZ expression. A proof-of-principal experiment demonstrated that the 

developed protocol facilitates the generation of synthetic HHR-based riboswitches. 

Theophylline-dependent switches were generated that down-regulated reporter gene 

expression by a factor of 3.6- and 3.2-fold, whereas their catalytically inactive variants did not 

respond to theophylline and caffeine. Importantly, both switches sustain their switching 

capability when they were transferred to a bacterial expression system selectively activating 

reporter gene expression by a factor of 4. A disadvantage of most reported switches is their 

low switching capability. In addition, ligands as theophylline or tetracycline need to be applied 

at concentrations in the toxic range. On the other hand, aminoglycosides are better suited 

ligands for synthetic biology applications because they are very potent RNA binders and 

pharmacologically and toxicologically well profiled. We present a novel aptazyme design that 



 

mimics the architecture of naturally occurring riboswitches. In this setup the neomycin 

aptamer domain precedes the ribozyme expression platform. With the established in vivo 

selection protocol aminoglycoside-responsive RNA switches were generated that display an 

up to 25-fold regulation of gene expression. Importantly, the reported neomycin switches 

belong to the best-performing HHR-based switches and respond to their ligand in the low 

micromolar range.  

The third part of this thesis aimed for the application of ribozyme-based genetic switches in 

the model organisms A. thaliana and C. elegans. Despite the importance of both organisms 

for genetic analysis, artificial ligand-dependent systems for precisely tuning gene expression 

are lacking. As ribozyme catalysis is an intrinsic property of the RNA sequence and 

aptazymes are a powerful tool to control gene expression in S. cerevisiae, E. coli and 

mammalian cells, we expected that the HHR motif is applicable in other domains of life. 

In this thesis, the suitability of applying ribozyme-based genetic switches in both organisms is 

demonstrated. In vivo experimentation was performed in collaboration with Dietmar Funck for 

A. thaliana and Martin Gamerdinger (AG Deuerling) in case of C. elegans. In both organisms 

the insertion of a HHR motif into the 3‟-UTR results in a drastic down-regulation of reporter 

gene expression. Remarkably, the theophylline-dependent aptazyme P1-F5, previously 

applied in mammalian cells (127), sustained gene regulatory activity in A. thaliana. To obtain 

an even better switching performance, a general strategy is the insertion of multiple 

aptazymes (128). Combinations of individual switches could be used to construct 

sophisticated genetic circuits that perform Boolean logic computations. In addition, we 

identified a limitation that can restrict the application of aptazymes when transferred from one 

organism to another. We performed an in vivo analysis to compare the activity of eight 

naturally occurring HHR motifs in yeast, E. coli and mammalian. The study demonstrates that 

a defined HHR motif can lose its property of self-cleavage when transferred from one 

organism to another one. Apparently, RNA function is more variable as previously thought. 

These findings impact the application of computer-aided and in vitro high-throughput 

technologies for the generation of artificial RNA-based genetic switches, because not yet 

considered additional factors may influence the cellular function of an RNA device. Taken 

together, these results support the hypothesis, that an RNA sequence possesses a 

polymorph structure which strongly depends on the intracellular milieu of its host organism.  

In summary, the presented thesis describes novel design strategies and in vivo technologies 

for the generation and application of artificial riboswitches. Small RNA-dependent HHRs 

show great potential for the interconnection and cascading of genetic switches, whereas 

aminoglycoside-responsive aptazymes might be of therapeutical interest. The generality of 

using ribozymes as genetic switches is demonstrated by their application in C. elegans and 

A. thaliana. The thesis underscores the modular nature of the RNA to construct tailor-made 



functional RNAs with biotechnological and therapeutical applications. Recently, the 

development of CRIPSR, ZFN and TALEN technology initiated a new era for the custom-

made genetic engineering on the genome-wide scale and tailoring of cellular function (204). 

Considering the disadvantages of TF-based systems, aptazymes present highly favourable 

genetic controllers for next-generation synthetic biology applications.  

 



 

Zusammenfassung und Ausblick 

In den letzten Jahren wurde das große Potential künstlicher RNA-Schalter anhand 

erstaunlicher Fortschritte im Forschungsfeld der “Synthetischen Biologie” gezeigt. Künstliche 

RNA-Schalter regulieren die Genexpression auf der post-transkriptionalen Ebene und 

können zur Entwicklung von maßgeschneiderten zellulären Netzwerken, die die 

Untersuchung von zellulären Eigenschaften und die präzise Regulation von definierten 

zellulären Reaktionen ermöglichen, verwendet werden (2). Aufgrund des hochmodularen 

Aufbaus der zellulären RNA ergeben sich neue Möglichkeiten zur Konstruktion künstlicher 

Genschalter. Es wurde gezeigt, dass die Fusion einer Aptamerdomäne mit einer funktionalen 

RNA eine ligandenabhängige Regulation der Genexpression ermöglicht. Mechanistisch 

betrachtet erfolgt eine allosterische Regulation der RNA-Struktur. Auf die gleiche Art und 

Weise können kleine, selbstspaltende RNA-Sequenzen, die Ribozyme, und ihre 

ligandenabhängigen Abkömmlinge, die Aptazyme, für die Herstellung von künstlichen RNA-

Schaltern verwendet werden. Ribozym-basierte Genschalter haben den Vorteil, dass diese in 

Bezug auf die Ligandenselektivität und den genetischen Kontext hochmular sind. Aptazyme 

zeigen ein großes Potential für biotechnologische Anwendungen, wie kürzlich durch die 

Verwendung von künstlichen tRNAs zur Regulation der Aminosäureidentität eines Proteins 

gezeigt wurde (133), und für den therapeutischen Einsatz, wie durch die erfolgreiche 

Verwendung von Aptazymen zur Regulation der Transgenexpression und der Replikation 

von onkolytischen Viren gezeigt wurde (128; 203). Trotz dieser beeindruckenden Beispiele 

ist die Anwendung von Aptazymen als genetische Schalter aufgrund ihrer geringen 

Schaltbarkeit, einer kleinen Auswahl an Effektormolekülen und der oft erforderlichen 

toxischen Ligandenkonzentration begrenzt, was deren therapeutische Anwendung 

verhindert. Um das Potential von Ribozym-basierten Genschaltern auszuschöpfen, werden 

neue Konzepte zur ligandenabhängigen Regulation und technisch ausgereifte Methoden für 

deren Herstellung benötigt. Das Ziel dieser Arbeit ist die Entwicklung neuer Technologien, 

die die Herstellung künstlicher RNA-Schalter erleichtern und deren Leistung verbessern. 

Der erste Teil dieser Arbeit behandelt die Herstellung genetischer Schalter, bei denen 

künstliche kleine RNAs als Liganden die intrazelluläre Aktivität des Hammerhead Ribozyms 

schalten. Ein allgemeiner Mechanismus bakterieller RNA-Schalter beruht auf der 

ligandenabhängigen Freilegung oder Blockierung der ribosomalen Bindestelle. Wieland und 

Hartig wurden durch die Entdeckung natürlicher RNA-Schalter dazu inspiriert, künstliche 

Genschalter zu entwickeln, bei denen die autokatalytische Spaltung eines HHRs die 

ribosomale Bindestelle freilegt (125). In dieser Studie wurde zur Herstellung eines HHR-

basierten riboregulatorischen Schaltsystems ein Element zur Bindung trans-agierender 

RNAs (trans-acting RNA-responsive element) mit einem HHR-Motif rational miteinander 



verknüpft (TR-HHR). Das konstruierte riboregulatorische Schaltsystem besitzt ein robustes 

Schaltverhalten, das durch die Duplexbildung zwischen der taRNA mit dem TR-HHR 

gesteuert wird. Ein stark verbessertes Schaltverhalten wurde erhalten, indem eine 

zusätzliche HHR-Domäne, 5P-HHR, zur 5„-Prozessierung an die taRNA angehängt wurde. 

Dadurch wurde die taRNA-Stabilität und anscheinend die Zugänglichkeit der für die 

Duplexbildung wichtigen 5„-Sequenz erhöht. Weitere Faktoren, die einen großen Einfluss auf 

die Schaltbarkeit haben, sind der Grad der Komplementarität zwischen der taRNA und dem 

TR-HHR, das Verhältnis zwischen der Transkriptionsrate der taRNA gegenüber der Ziel-

mRNA und spezifische Strukturelemente. Nach meiner Erkenntnis ist dies das erste Beispiel 

eines Ribozym-basierten Genschalters, dessen Aktivität durch die Bindung einer kleinen 

RNA in vivo reguliert wurde. Aufgrund der allgemeingültigen Basenpaarungsregeln ist die 

Herstellung von orthogonalen genetischen Schaltern vereinfacht. Indem gezeigt wurde, dass 

RNA als zelluläres Transmittermolekül geeignet ist, stellt diese Studie eine Technologie zur 

Entwicklung komplexerer genetischer Netzwerke zur Verfügung. Zum Beispiel ermöglicht 

diese Technologie die Konstruktion riboregulatorischer Netzwerke in der eine einzelne 

taRNA mehrere mRNAs reguliert und das Vernetzen einzelner Schalter miteinander. 

Zusätzlich könnte das taRNA/TR-HHR-Paar neben der Regulation der Tranktiptionsinitiation 

auch dazu verwendet werden andere funktionale RNA-Klassen, z.B. tRNA, rRNA oder pri-

miRNA, zu regulieren. 

Als zweites wird eine zuverlässige und unkomplizierte Methode vorgestellt, die die in vivo 

Durchmusterung von randomierten Sequenzbibliotheken zur Identifikation optimierter 

Ribozym-basierter Genschalter in S. cerevisiae vereinfacht. Die Methode wurde zur 

Durchmusterung einer Klonbibliothek mit einer Diversität von 1x107 benutzt, wobei durch 

eine verbesserte Transformationsmethode Bibliotheken mit 1x109
 Varianten möglich sein 

sollten. Die übliche Vorgehensweise beruht auf dem Einfügen einer Ribozymdomäne in die 

3„-UTR des GAL4 Transkriptionsfaktors, um dessen Expression in Abhängigkeit von der 

autokatalytischen Ribozymaktivität zu kontrollieren. Ein katalytisch aktives HHR spaltet die 

Gal4 mRNA und führt zu deren Degradation und somit zu verminderter GAL4 

Proteinexpression. Andererseits, führt die Inhibition der HHR-Aktivität zu einer erhöhten 

GAL4 mRNA-Konzentration und folglich zu verstärkter GAL4 Proteinexpression. 

Zur Durchmusterung wurde der MaV203 Hefestamm, bei dem die GAL4-induzierbare 

Reportergene HIS3, URA3 und LacZ chromosomal kodiert sind, verwendet. Das Anreichern 

von Schaltern benötigt einen Positivselektionsschritt und einen Negativselektionsschritt, von 

dem einer zusammen mit dem entsprechenden Liganden durchgeführt wird. Zunächst 

werden Hefezellen mit hoher GAL4-Expression durch die kompetetive Inhibition der HIS3-

Aktivität mit 3-AT angereichert. In einem zweiten Schritt wachsen nur Hefezellen auf 5-FOA 

angereicherten Selektionsplatten, die ligandenabhängig weniger Gal4-Protein exprimieren. 



 

Letztlich werden Schalter durch die quantitative Analyse der LacZ-Expression identifiziert 

und charakterisiert. Mit Hilfe eines Probeexperiments wurde die Leistungsfähigkeit der 

Methode anhand der Generierung von artifiziellen HHR-basierten Genschaltern gezeigt. 

Es wurden zwei Theophyllin-abhängige Schalter erzeugt, die die Genexpression um das 3,6-

fache und 3,2-fache reduzieren. Im Gegensatz dazu reagierten in einem Kontrollexperiment 

die katalytisch inaktiven Aptazymvarianten nicht auf Theophyllin und Koffein. 

Bemerkenswerterweise sind beide Genschalter auch in einem bakteriellen 

Genexpressionsystem aktiv und schalten die Reportergenexpression um den Faktor 4 hoch. 

Ein Nachteil vieler bisher erzeugter Schalter ist ihr geringes Schaltvermögen. Außerdem 

müssen Liganden, wie z. B. Theophyllin und Tetracylin, in toxischen Konzentrationen 

eingesetzt werden. Andererseits sind Aminoglykoside als Liganden besser für Applikationen 

in der Synthetischen Biologie geeignet, da diese sehr gut an RNA binden und ausgezeichnet 

pharmakologisch und toxikologisch charakterisiert sind. Ein neuer Aptazymaufbau wird 

vorgestellt, der durch die Architektur natürlich vorkommender RNA-Schalter inspiriert ist. 

In diesem Aufbau ist das Neomycinaptamer der Ribozym Expressionsplatform vorangestellt. 

Mit Hilfe der neu etablierten in vivo Selektionsmethode wurden Neomycin-abhängige 

Schalter generiert, die die Genexpression um den Faktor 25 schalten. 

Bemerkenswerterweise gehören die vorgestellten Neomycin-abhängigen Schalter zu den 

besten Ribozym-basierten RNA-Schaltern und werden durch ihren Liganden bei einer 

niedrigen micromolaren Konzentration geschaltet. 

Der dritte Teil dieser Arbeit behandelt die Anwendung von Ribozym-basierten Genschaltern 

in den Modellorganismen A. thaliana und C. elegans. Trotz der Bedeutung beider 

Organismen für genetische Studien mangelt es an künstlichen ligandenabhängigen 

Systemen zum präzisen Schalten der Genexpression. Da die Ribozymekatalyse eine 

intrinsische Eigenschaft einer RNA-Sequenz ist und Aptazyme ein leistungsfähiges 

Instrument zur Genexpression in S. cerevisiae, E. coli und Säugerzellen sind, wurde 

angenommen, dass das HHR-Motiv auch in weiteren Lebensdomänen verwendbar ist. 

In dieser Arbeit wird die Eignung von Ribozym-basierten Genschaltern in diesen beiden 

Organismen präsentiert. Die in vivo Versuche wurden für A. thaliana in Zusammenarbeit mit 

Dietmar Funck und für C. elegans mit Martin Gamerdinger (AG Deuerling) durchgeführt. In 

beiden Organismen wurde durch das Einfügen eines HHR-Motivs in die 3„-UTR eine starke 

Herunterregulation der Reportergenexpression gezeigt. Erstaunlich hierbei ist, dass das 

verwendete Theophyllin-abhängige Aptazym P1-F5 (127), das zuvor in Säugerzellen 

verwendet wurde, seine Genschalteraktivität in A. thaliana beibehielt. Um eine verbesserte 

Schaltbarkeit zu erlangen, könnten in Zukunft mehrere Aptazyme eingefügt werden (128). 

Zusätzlich könnten Kombinationen einzelner Schalter zur Herstellung komplexere 

genetischer Netzwerke, die z. B. Boolsche Logische Berechnungen durchführen, verwendet 



werden. Allerdings kann der Einsatz von Aptazymen auch eingeschränkt sein, wenn ein 

bestimmtes Aptazym von einem Organismus auf einen anderen übertragen wird. Eine in vivo 

Untersuchung von acht natürlich vorkommenden HHR-Motive wurde durchgeführt, in der 

deren katalytische Aktivitäten in Hefe, E. coli und Säugern miteinander verglichen wurden. 

Die Studie zeigt, dass ein bestimmtes HHR-Motiv seine Selbstspaltungseigenschaft verlieren 

kann, wenn dieses von einem Organismus auf einen anderen übertragen wird. Anscheinend 

ist die Funktion einer bestimmten RNA variabler als bisher geglaubt. Diese Erkenntnis 

beeinflusst die Anwendung computergestützer und in vitro Hochdurchsatzverfahren zur 

Herstellung von künstlichen RNA-basierten Genschaltern, da zusätzliche, bisher nicht 

berücksichtigte Faktoren die zelluläre Funktion eines RNA-Schaltelements beeinflussen 

können. Insgesamt betrachtet unterstützen diese Ergebnisse die Hypothese, dass RNA-

Sequenzen eine polymorphe Struktur besitzen, die maßgeblich von dem intrazellulären 

Milieu des Wirtsorganimus abhängt. 

Die hier vorgestellte Arbeit beschreibt neue Vorgehensweisen zur Konstruktion und neue in 

vivo Technologien zur Herstellung und Anwendung von künstlichen RNA-Schaltern. RNA-

abhängige HHR könnten von großer Bedeutung für die Quervernetzung und zur 

Reihenschaltung von Genschaltern sein, wohingegen Aminoglykosid-abhängige Aptazyme 

von therapeutischen Nutzen sein könnten. Die vielseitige Verwendung von Ribozymen als 

genetische Schalter wird durch deren Anwendung in C. elegans und A. thaliana gezeigt. 

Diese Arbeit unterstreicht den modualaren Charakter von RNA zur Herstellung 

maßgeschneiderter funktionalen RNAs mit biotechnologischer und therapeutischer 

Bedeutung. Unlängst wurde durch die Entwicklung von CRISPR, Zinkfingernukleasen und 

TALE-Nukleasen eine neue Ära der maßgeschneiderten Gentechnologie eingeläutet, 

wodurch die Umprogrammierung auf genomischer Ebene und zur Anpassung zellulärer 

Abläufe ermöglicht wird (204). Wenn man die Nachteile Transkriptionsfaktor-basierter 

Systeme berücksichtigt, dann stellen Aptazyme vielversprechende genetische 

Kontrollelement für eine neue Generation von Anwendungen der Synthetischen Biologie dar. 

 

 



 

6. Materials 

6.1 Chemicals 

If not otherwise stated, the used reagents and chemicals were of analytical grade or declared 

as “for molecular biology” and purchased from Roth or Sigma-Aldrich. Ultrapure water was 

used that was drawn from a combined reverse osmosis / ultrapure water system. 

Others: 

Paromomycin     AK Scientific 

Amikacin sulphate     AK Scientific 

5-Fluorooratic acid     Zymo research 

Dulbecco‟ modified eagle‟s medium  Invitrogen 

Lipofectamine® 2000    Invitrogen 

Penicilline / streptomycin solution   Invitrogen 

Fetal bovine serum    PAA 

6.2 Nucleotides 

Deoxynucleotides were purchased from Fermentas. Oligonucleotides were purchased from 

Metabion GmbH, Biomers GmbH and Sigma-Aldrich Corp. 

6.3 Enzymes 

Antarctic Phosphatase New England Biolabs 

ApaI New England Biolabs 

AvrII New England Biolabs 

BglII New England Biolabs 

DpnI New England Biolabs 

EcoRI-HF New England Biolabs 

HindIII-HF New England Biolabs 

KpnI-HF New England Biolabs 

NdeI New England Biolabs 

NotI-HF New England Biolabs 

PacI New England Biolabs 

Phusion Hot Start DNA polymerase Finzyme, New England Biolabs 

SacII New England Biolabs 



SpeI-HF New England Biolabs 

XbaI New England Biolabs 

6.4 Standards and Kits 

Direct-zolTM RNA MiniPrep Kit ( Zymo Research 

Dual-Luciferase® Reporter Assay Promega 

Gal Screen® β-Galactosidase Assay Life Technologies 

GeneRulerTM 1 kb DNA ladder Fermentas 

GeneRulerTM Ultra Low Range DNA Ladder Fermentas 

Quick Ligation Kit  New England Biolabs 

T4 DNA Ligation Kit New England Biolabs 

Verso cDNA kit Thermo Scientific 

Zymo DNA Clean & Concentrator  Zymo Research 

Zymoclean Gel DNA Recovery Zymo Research 

ZyppyTM Miniprep Kit  Zymo Research 

6.5 Organisms 

Escherichia coli Top10 (Invitrogen)  

(F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 

Δ(ara-leu)7697 galE15 galK16 rpsL(StrR) endA1 λ-) 

Escherichia coli XL10 gold (Stratagene 

(Δ(mcrA)18; Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi1 recA1 gyrA96 

relA1 lac Hte [F’ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] 

Escherichia coli BL 21 (DE3) gold (Stratagene)  

(F– ompT gal dcm lon hsdS B (r B- m B-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 

sam7 nin5]) 

Saccharomyces cerevisiae MaV203 (Life technologies) 

(MATα leu2-3,112 trp1-901 his3Δ200 ade2-101 cyh2R can1R gal4Δ gal80Δ 

GAL1::lacZ HIS3UASGAL1::HIS3@LYS2 SPAL10::URA3) 

Homo sapiens HeLa S3 cell line (ATCC ) 

Derived from cervical adenocarcinoma 



 

6.6 Consumables 

24-well microtiter plate BD Biosciences 

96-well half-area black microtiter plate Nunc 

96-deep-well plates (2.2 ml) Peske; Roth 

96-well microtiter plates  Roth 

Combitips for Multipette stream® Eppendorf 

Conical tubes (15 mL and 50 mL) Falcon 

Electroporation cuvettes Biorad; Roth 

Erlenmeyer flasks Erlenmeyer flasks 

Gas permeable adhesive seals Abgene 

Glass bottles SIMAX 

PCR tubes VWR 

Petri dishes (9 cm and 14 cm) Roth 

Razorblade Nr. 24 Schreiber 

Reaction tubes (1.5 and 2 mL) Eppendorf; Sarstedt 

Serological pipettes Peske, Sarstedt 

Single-use syringes Norm-Ject 

Single-use needles Sterican 

Tips for micropipettes Peske, Sarstedt, Biohit 

Toothpicks Peske 

6.7 Equipment 

96-well plate incubator Inkubator 1000 and Titramax 1000; 

Heidolph 

Centrifuges MiniSpin®; Eppendorf 

 5810R; Eppendorf 

 5417C; Eppendorf 

Electroporator  Electroporator 2510; Eppendorf 

Freezer (-80°C, -20°C, 4°C) Biometra, Liebherr 

Gel documentation device Biometra 

Heating block Stuart 

Incubation shaker Ecotron; HT Infors 

Incubator Memmert 

Laboratory pipettes Eppendorf 



Microwave oven 8020G; Privileg 

Microplate reader  Tecan infinite M200 

Multichannel pipettes  Transferpette; Brand 

 Heraeus Sepatech; Biofuge 15R 

NanoQuant plate Tecan 

pH meter Seven easy, Metler Toledo 

Power supply EV243, Consort 

Real-Time PCR Cycler Light Cycler®; Roche 

Thermocycler Tprofessional; Biometra 

Thermomixer Thermomixer comfort; Eppendorf 

Sterile bench HERA safe 

UV light table Biometra 

Vortexer Heidolph / VWR 

  

6.8 Media and buffer 

SOC medium 

 Tryptone 2% (w/v) 

 Yeast extract 0.5% (w/v) 

 NaCl 0.05%(w/v) 

 MgSO4 10 mM 

 MgCl2 10 mM 

 

Lysogeny broth 

 yeast extract 5 g/L 

 tryptone 10 g/L 

 NaCl 5 g/L 

   

YPAD 

 YPD-Broth 50 g/L 

 Adenine hemisulphate 40 mg/L 

 

Synthetic Complete medium 

 

 Yeast Nitrogen Base without amino acids 6.7 g/L 

 L glucose 20 g/ 

 
Yeast synthetic drop-out supplements  

without leucine (Sigma) 
1.6 g/L 

 adenine hemisulfate 40 mg/L 



 

RNA loading buffer (2x) 

 Formamide 47.5% (v/v) 

 SDS 0.01% (w/v) 

 bromphenol blue 0.01% (w/v) 

 xylene Cyanol 0.005% (w/v) 

 EDTA 0.5 mM 

   

MOPS (10x) 

 MOPS 0.2M 

 Sodium actetate 20 mM 

 EDTA 10mM 

   

Agarose loading buffer (6x) 

 Glycerol 30 % (v/v) 

 Bromphenolblue 0,25 % (w/v) 

 Xylencyanol 0,25 % (w/v) 

   

Agarose gel staining solution 

 Ethidium bromide 0.5 μg/ml in 0.5x TBE 

   

TBE buffer (1x) 

 Tris Base 89 mM 

 Boric acid 89 mM 

 EDTA pH 8.0 2 mM 

   

PBS pH 7.4 (1x) 

 NaCl 137 mM 

 KCl 2.7 mM 

 Na2HPO4 4.3 mM 

 KH2PO4 1.47 mM 

 



7. Methods 

7.1 General methods 

7.1.1 Extraction of DNA from biological samples 

Plasmids were recovered from E. coli cultures using the Zippy Plasmid Isolation Kit 

according to the manufacturer‟s instructions. For the plasmid isolation from yeast culture, an 

initial lysis was performed with 0.5 mm glass beads by vortexing followed by the standard 

protocol of the Zippy Plasmid Isolation Kit  

7.1.2 Purification of DNA by agarose gel electrophoresis 

PCR-products and digested plasmids were purified by performing agarose gel 

electrophoresis in 0.5x TBE. Samples were mixed with 6x agarose loading buffer and loaded 

into the pocket. A size standard was included for the identification of the correctly sized band. 

The gel was run at 10 V*cm-1 for 60 min – 90 min. Next, the agarose gel was stained in 

agarose gel staining solution for 10 min and washed for 10 minutes in H2O. For molecular 

cloning only part of the sample was exposed to UV light table to identify the correctly sized 

band, thereby avoiding UV-light induced mutations to the DNA. The correctly sized band was 

isolated and the DNA fragment was purified using the Zymoclean Gel DNA Recovery Kit 

according to the manufacturer‟s protocol.  

7.1.3 Quantification of DNA 

The DNA concentration of a sample was determined using the Tecan Infinite M200 

NanoQuant plate. 

7.1.4 Polymerase chain reaction 

DNA sequences were amplified by polymerase chain reaction using Phusion Hot Start DNA 

polymerase and sequence specific primer. For the insertion of additional sequences the 

respective sequence was attached to the 5‟-end of the primer. For molecular cloning 

procedures, in which the PCR product was re-circularized, one of the two primers was 

ordered with a 5‟-phosphate group in order to enable T4- DNA ligase-mediated ligation. 

  



 

 

 

 

 

 

 

 

 

 

Table 7.2: General PCR program 

  Temperature [°C] Time  

1 Initial denaturing 98      30 s 

2 Denaturing 98 10 s  

25 Cycles 3 Annealing 58 to 64 30 s 

4 Extension 72 20 s/kb 

5 Final Extension 72 7 min  

7.1.5 Endonucleolytic digestion of DNA for molecular cloning procedures 

Endonucleolytic digestion was conducted according to the manufacturer‟s constructions. The 

reaction mixture was incubated for at least 1 h at 37°C.  

7.1.6 Dephosphorylation of DNA 

Endonucleolytically digested DNA was 5‟-dephosprylated using Antarctic Phosphatase to 

prevent re-circularization of the DNA strand. The reaction mixture was incubated at 37°C for 

60 min. Antarctic Phosphatase was inactivated through incubation at 80 °C for 10 min. 

Table 7.3: Reaction mixture dephosphorylation 

Concentration Reagent Final concentration 

 DNA sample  

10x Antarctic Phosphatase Buffer 

Buffer 

1x 

5 U/µL Antarctic Phosphatase 0.1 U/µL 

   

Table 7.1: PCR reaction mixture 

 Reagent Final concentration 

5x HF Buffer 1x 

2 mM dNTPs 200 µM 

100 µM Primer A 600 nM 

100 µM Primer B 600 nM 

20 ng/µL Template 0.2 ng/µL 

100 % (v/v) DMSO 3% (v/v) 

2 U/µL Phusion Polymerase 0.02 U/µL 

 H2O  



7.1.7 Ligation of DNA 

Linearized plasmids were re-circularized by incubating the reaction mixture for 20 min at 25 

°C. In case that an endonucleolytically digested DNA sequence was ligated into a plasmid 

backbone the insert was in 5-fold molar excess over the backbone. The final concentration of 

the digested plasmid backbone was 2.5 ng/µL. Ligation was carried out as described. 

Table 7.4: Reaction mixture Ligation 

 Reagent Final concentration 

 linear Plasmid 2.5 ng/µL 

 Quick Ligase  

2x Quick Ligase Buffer 1x 

 H2O  

7.1.8 Genetic manipulation of model organisms 

7.1.8.1 Transformation of E. coli by electroporation 

An 80 µL aliquot of electrocompetent E. coli cells was thawed on ice. The ligated purified 

plasmid was mixed with thawed cells and subsequently transferred into a pre-chilled 

electroporation cuvette. Transformation was performed by electroporation (1800 V, Time 

constant (τ) = 5 ms), and afterwards cells were re-suspended in 800 µL SOC medium. 

7.1.8.2 Transformation of S. cerevisiae using Lithiumacetate 

For the transformation of plasmids into the S. cervisiae MaV203 strain 2 mL yeast culture 

was centrifuged and washed once with H2O. The pellet was resuspended in 50 µL 2 mg/mL 

carrier DNA and 1 µg plasmid, 240 µL 50% (w/v) PEG and 36 µL 1 M lithium acetate were 

added. After mixing, the mixture was first incubated for 30 min at 30°C and then heat-

shocked for 15 min at 45°C. Cells were collected by centrifugation and spread on SC-Leu 

agar plates. 

7.1.8.3 Library scale transformation of yeast by electroporation 

A 2 mm single colony of the MaV203 S. cerevisiae strain was re-suspended in 1 L YPDA 

medium and grown at 30°C at 120 rpm until OD600 was in the range of 1.3 to 1.5. Yeast cells 

were collected and washed twice with 450 mL ice-cold H2O and once with 450 mL ice-cold 

electroporation buffer (aqueous solution of 1 M sorbitol and 1 mM CaCl2). Yeast cells were 

conditioned with 25 mL 0.1 M LiAc / 10 mM DTT and incubated vigorously shaking for 30 min 

at 30°C. Next, cells were collected by centrifugation and washed twice with 180 mL ice-cold 



 

electroporation buffer. Finally the pelleted yeast cells were re-suspended in 1.6 mL 

electroporation buffer and kept on ice until electroporation. 

For the electroporation 400 μL electrocompetent MaV203 cells and 10 μg plasmid were 

mixed and immediately transferred into a pre-chilled 2 mm electroporation cuvette. 

Electroporation was performed by applying a pulse with 2500 V. The electroporated cells 

were resuspended in 5 mL of 1:1 mix of 1 M sorbitol and YPDA liquid medium pre-warmed to 

30°C and incubated in an incubation shaker shaking at 30 °C for 90 min.  

7.1.9 Sequence analysis 

Single colonies were picked and grown in LB Medium supplemented with the appropriate 

antibiotics. To confirm successful cloning, the cloned plasmids were isolated Zippy™ 

Plasmid Miniprep Kit, Zymo research) and sent in for sequencing (GATC). 

7.2 Supplementary methods: Results and Discussion 3.1 

7.2.1 Plasmid construction 

All plasmids are based on the pGDR11 plasmid (205). Standard molecular cloning 

procedures were performed as described. PacI and NotI restriction sites were introduced into 

the pGDR11 backbone by PCR using the primers 5‟-

CTCTTCTTAATTAAGGGTGCGCATGATCTAGAGC-3‟ and 5‟-

CTCTTCGCGGCCGCCCAACGCTGCCCGAAATTCC-3‟. A cassette containing the gene 

encoding araC and the PBad promoter was amplified from the pBAD18a vector (206) using 

the primers 5‟-CTCTTCTTAATTAAATGAGCGGATACATATTTGAATGTATTTAG-3‟ and 5‟-

CTCTTCGCGGCCGCCGGTGATGTCGGCGATATAGGC-3‟ and introduced via the PacI and 

NotI restriction sites into the pGDR11 backbone. The eGFP gene controlled by a TR-HHR 

was constructed under control of the PBad promoter using SpeI and SacII restriction sites and 

the taRNA were inserted under control of the IPTG-inducible promoter via BglII and AvrII 

restriction sites. Successful molecular cloning was verified by DNA sequencing (GATC). All 

sequences are given in section 9.1. 

7.2.2 E. coli strain and growth conditions 

All experiments were conducted with the Escherichia coli Top10 strain. All plasmids were 

introduced by electroporation. Bacterial cultures were grown aerobically in LB medium 

supplemented with 100 µg/mL carbenicillin. 

 



7.2.3 Gene expression and quantification  

For eGFP expression measurement single colonies were first outgrown to stationary phase 

in LB medium. The next day a 1% bacterial suspension was regrown for 2 to 3 h at 200 rpm 

and 37°C in an Infors HT Ecotron shaker using Erlenmeyer flasks. Cultures were diluted to 

an OD600 of 0.1 and induced with transcriptional inducers. In all experiments (except 3.2 and 

3.4 E/F/G) fixed concentrations of the inducers (1 mM IPTG and 20 µM arabinose) were 

used. In the other experiments IPTG and arabinose concentrations, as indicated in the figure 

or written in the figure legend, were added to the culture medium. Cultures were incubated 

with shaking at 200 rpm and 37°C in 50 mL centrifuge tubes for 18 h. 100 µL of each culture 

were transferred into a 96-well microtiter plate and OD600 and the fluorescence of the 

expressed eGFP was measured with a Tecan Infinite® M200 plate reader (excitation 

wavelength: 488nm, emission wavelength 535 nm). Fluorescence values were corrected by 

dividing with the OD600 values. An equally treated culture which did not express any eGFP 

was used for subtraction of background fluorescence. All experiments were performed in 

triplicates and error bars represent standard deviations. In Fig. 3.4 E/F/G eGFP expression 

values were normalized to an equally treated culture expressing the TR-HHR-eGFP fusion 

transcript and taRNA V1-M3.  

7.2.4 Quantification of RNA-levels 

Bacterial cultures were induced with 20 µM arabinose and 1 mM IPTG as described above 

and grown for two hours. Bacterial cultures carried plasmids as described in figure 3.4 D 

including a control with the empty pGDR11 vector. Total RNA was extracted using RNAzol 

RT® (Sigma) and an additional purification with the Direct-zolTM RNA MiniPrep Kit. The 

reverse transcription reaction was performed with 250 ng total RNA and random hexamer 

priming using the Verso cDNA kit in a total volume of 10 µL for 60 min at 55°C. Real-time 

PCR analysis was performed with a Light-Cycler II 480 instrument. Each reaction mixture 

was prepared using Phusion Hot Start Polymerase II for amplification and SYBR green 

(Sigma) for detection in a total volume of 10 µL. The following primers were used for the 

amplification reaction of the taRNA (F: 5‟-CTGGATTCCACGGGTACC-3‟, R: 5‟-

CCAGGCGTTTAAGCCTAGGAAG-3‟), the eGFP mRNA (F: 5‟-

GAAGGAGATATACCATGGGCCATCA-3‟, R: 5‟-GCTGAACTTGTGGCCGTTTAC-3‟), and 

ssrA (207) (reference gene; F: 5‟-ACGGGGATCAAGAGAGGTCAAAC-3‟, R: 5‟-

CGGACGGACACGCCACTAAC-3‟). The threshold cycles (ct) were determined using the 

ligthcycler 480 software SP4. RNA levels were calculated assuming a static PCR efficiency 

of 2 for each primer pair and determined relative to the expression of the genomically 

encoded ssrA gene.  



 

7.3 Supplementary methods: Results and Discussion 3.2 

7.3.1 Reagents 

Theophylline and caffeine were purchased from Fluka. Neomycin trisulfate was purchased 

from Carl Roth.  

7.3.2 Cell culture and growth conditions 

E. coli were grown aerobically at 37°C in LB media supplemented with the respective 

antibiotic (carbenecillin: 100 µg/mL; kanamycin: 30 µg/mL). All plasmids were introduced by 

electroporation into E. coli. Yeast experiments were conducted with the S. cerevisiae 

MaV203 strain at 30°C in Synthetic Complete medium containing 2% (w/v) glucose.  

7.3.3 Plasmid construction 

Standard molecular cloning procedures were performed as described. All constructs were 

verified by DNA sequencing (GATC Biotech). All yeast plasmids are based on the pBT3-C 

plasmid (MoBiTec GmbH) that features a kanamycin resistance gene and a LEU2 

auxotrophic marker for selection in E. coli and yeast. K2-Gal4 and K4-Gal4 were constructed 

by PCR amplification of the Gal4 ORF from S. cerevisiae genomic DNA and insertion via 

HindIII and ApaI into the pBT3-C vector. The Kozak sequence of K4-Gal4 was obtained from 

part BBa_J63003 of the Registry of Standard Biological Parts. In case of the K5-Gal4 

construct XbaI and ApaI were used. Hammerhead ribozymes were inserted into the 3‟-UTR 

via SpeI and NotI restriction sites. Sequences are given in section 9.2. The E. coli XL10 gold 

strain was used for molecular cloning and plasmids were introduced into yeast via a standard 

lithium acetate procedure. 

7.3.4 Construction and screening of aptazyme libraries 

Aptazyme libraries were created by PCR with primers that inserted the aptamer domain and 

the randomized nucleotides. Sequences of the theophylline and neomycin aptazyme libraries 

which are flanked by SpeI and NotI restriction sites are shown in section 9.2. The aptazyme 

library was molecularly cloned into the pBT3-K2-Gal4 plasmid. Transformation of the plasmid 

pool into the E. coli XL10 gold strain was performed by electroporation and yielded up to 107 

transformants. The plasmid pool was recovered from bacteria and used for the 

transformation of the S. cerevisiae MaV203 strain via electroporation.(173) Up to 107 

transformants were obtained that were grown on SC media lacking leucine. Positive 

selection of the theophylline aptazyme library was performed on SC media lacking leucine, 

uracil, and histidine supplemented with 40 mM 3-AT. Upgrowing colonies were collected and 



plated on negative selection media that contained 0.075% (w/v) 5-FOA and 2.5 mM 

theophylline. In case of the neomycin library positive selection media contained 30 mM 3-AT 

and negative selection media was supplemented with 0.03% (w/v) 5-FOA and 100 µg/mL 

neomycin. β-Galactosidase expression levels of single colonies that were grown in the 

absence and presence of either 2.5 mM theophylline or 100 µg/mL neomycin were measured 

with the Gal-ScreenTM β-galactosidase Reporter Gene Assay System. Plasmids of yeast 

cultures that showed switch-like behavior were recovered and sequenced. To exclude 

accumulated mutations of the plasmid backbone during the selection procedure potential 

switches were recloned into the pBT3-K2-Gal4 plasmid using SpeI and NotI restriction sites. 

7.3.5 Reporter gene assays in S. cerevisiae 

A phenotypic growth analysis was used for measuring the HIS3 and URA3 gene product 

expression. A yeast suspension of OD600=0.1 was serially diluted 1:10 with 0.9% (w/v) 

aqueous NaCl solution. 10 µL of each dilution were spotted on solid medium supplemented 

with either 3-AT or 5-FOA. Pictures were taken after 3 and 8 days.  

For β-galactosidase expression measurement three single colonies were first outgrown to 

stationary phase in SC-Leu medium. The next day a 1% yeast suspension, supplemented 

with the respective concentration of inducer as indicated, was regrown with shaking at 

200 rpm and 30°C in an Infors HT Ecotron shaker. 100 µL of each culture were transferred 

into a 96-well microtiter plate and OD600 was measured with a Tecan Infinite® M200 plate 

reader. LacZ expression was determined with the Gal-ScreenTM β-galactosidase Reporter 

Gene Assay System and luminescence was measured with a Tecan Infinite® M200 plate 

reader. Luminescence values were corrected by dividing with the OD600 values. An equally 

treated culture which did not express any GAL4 was used for subtraction of background 

luminescence. All experiments were performed in triplicates and error bars represent 

standard deviations if not otherwise indicated. 

7.3.6 Mfold analysis 

Following consensus Sequence was used: 

UAAACAAACAAAGCCGGCAUAGCUUGUCCUUUAAUGGUCCUAUGUNNNGUCCUGGAU

UCCACGGUACAUCCAGCUGAUGAGUCCCAAAUAGGACGAAANNNNNAAAAAGAAAAA 

With N representing nucleotides, whose identities were changed according to the sequence 

analysis for Mfold predictions. 

Mfold constraints: F 52 73 6 / F 81 94 4 / P 74 0 7; RNA sequence: linear; Folding 

temperature: 37°C; Ionic conditions: 1 M NaCl, no divalent ions; percent suboptimality: 25; 

upper bound on the number of computed foldings: 50; window parameter: 1; maximum 



 

interior/bulge loop size: 30; maximum asymmetry of an interior/bulge loop: 30; maximum 

distance between paired bases: no limit 

7.4 Supplementary methods: Results and Discussion 3.3 

7.4.1 Plasmid construction for gene expression in A. thaliana 

Standard molecular cloning procedures were conducted as described. First, the plasmid 

pEZT-CL (provided by Dietmar Funck) was partly amplified by PCR using the primer 5‟-

CCAATACGCAAACCGCCTC-3‟ and 5‟-GGCGATTAAGTTGGGTAACG-3. After 

endonucleolytical digestion with SpeI and HindIII the resulting fragment encoding the eGFP 

reporter gene was inserted into the pmPlum (Clontech) plasmid. The resulting plasmid was 

termed pmEZT-CL. Ribozyme motifs were inserted into pmEZT-CL via EcoRI and KpnI 

endonuclease sites. For topoisomerase mediated-cloning into the pEarleyGate-100 vector 

(184), the resulting pm-EZT-CL-derived plasmids were amplified by PCR using the primers 

5‟-CACCGCTACGACCAGGATTACGCCAAG-3‟ and 5‟-TTCACCGTCATCACCGAAACG-3‟. 

Sequences are given in section 9.3 and all constructs were verified by DNA sequencing 

(GATC Biotech). 

7.4.2 Plasmid construction for gene expression in C. elegans 

Standard molecular cloning procedures were performed as described. Sequences of the 

type III HHRs derived from S. mansoni were molecularly subcloned into the 3‟-UTR of the 

worm mCherry reporter gene encoded on the pCFJ90-Pmyo-2::mCherry::unc-54utr  plasmid. 

Similarly, the aptazymes P1-F5Theo, 2.5TPP and neoB2neomycin were inserted into pCFJ104-

Pmyo-3::mCherry::unc-54, which is less toxic when injected into worms. SalI and NotI 

endonuclease restriction sites were inserted by PCR using the primers 5‟-

TCTTCGCGGCCGCACAAAGTGGGTGATATCTGAGCTC-3‟ and 5‟-

TCTTCGTCGACACAAGAAAGCTGGGTACTACTTATACAATTC-3‟. Sequences are given in 

section 9.3 and all constructs were verified by DNA sequencing (GATC Biotech). 

7.4.3 Plasmid construction for gene expression in E. coli 

Standard molecular cloning procedures were performed as described. Constructed plasmids 

are based on the BK31 plasmid, which is derived from the pQE31 plasmid and features an 

ampicillin resistance and the eGFP gene. A constitutive promoter, which is derived from part 

BBa_J23106 of the Registry of Standard Biological Parts, drives eGFP transcription. 

Sequences of the HHR motifs were molecularly subcloned into the 5‟-UTR of the eGFP 



reporter gene by PCR. Sequences are given in section 9.3 and all constructs were verified by 

DNA sequencing (GATC Biotech). 

7.4.4 Plasmid construction for gene expression in S. cerevisiae 

Standard molecular cloning procedures were performed as described. Constructed plasmids 

are based on the pBT3-K5-Gal4 plasmid (this thesis). HHR motifs were amplified by PCR 

using the E. coli plasmids as templates and inserted via SpeI and NotI into the 3‟-UTR of the 

GAL4 gene. Sequences are given in section 9.3 and all constructs were verified by DNA 

sequencing (GATC Biotech). 

7.4.5 Plasmid construction for gene expression in mammalian cells 

Standard molecular cloning procedures were used as described. Constructed plasmids are 

based on the psiCHECKTM-2 plasmid (Promega). HHR motifs were amplified by PCR using 

the E. coli plasmids as templates and inserted via SpeI and NotI into the 3‟-UTR of a hRluc 

reporter gene. Sequences are given in section 9.3 and all constructs were verified by DNA 

sequencing (GATC Biotech). 

7.4.6 Mammalian cell culture 

Mammalian cells were grown in DMEM supplemented with 10% FBS, 100 U/mL and 

100 µg/mL streptomycin at 37°C in a humidified incubator maintaining a CO2 level of 5%. 

7.4.7 Transfection of mammalian cells 

For the transfection of HeLa-S3 cell line 30.000 cells per well were seeded in a 96-well 

microtiter plate and incubated for 16 h at 37°C. Transfection was conducted using 50 ng 

DNA and 0.5 µL Lipofectamine® 2000 which was resuspended in DMEM. After 6 h 50 µL 

DMEM (+10% FCS) was added to increase the FCS level to 5%. After incubation for 

additional 18 h a dual luciferase assay was conducted according to the manufacturer‟s 

recommendations. 

7.4.8 Gene expression and quantification in S. cerevisiae 

Yeast experiments were conducted with the S. cerevisiae MaV203 strain at 30°C in Synthetic 

Complete medium containing 2% (w/v) glucose. For β-galactosidase expression 

measurement yeast cultures were grown to stationary phase in SC-Leu medium with shaking 

at 200 rpm at 30°C using an Infors HT Ecotron shaker. 100 µL of each culture were 

transferred into a 96-well microtiter plate and used for measuring OD600 using a Tecan 

Infinite® M200 plate reader. Expression of LacZ was measured with the Gal-ScreenTM β-



 

galactosidase Reporter Gene Assay System and luminescence was determined with a 

Tecan Infinite® M200 plate reader. Luminescence values were corrected by dividing with the 

OD600 values. An equally treated culture which did not express any GAL4 was used for 

subtraction of background luminescence. All experiments were performed in triplicates and 

error bars represent standard deviations. 

7.4.9 Gene expression and quantification in E. coli 

Experiments were performed using the Escherichia coli Top10 strain. All plasmids were 

transformed by electroporation. Bacterial cultures were cultivated in LB medium 

supplemented with 100 µg/mL carbenicillin. For eGFP expression measurement bacterial 

colonies were grown to stationary phase at 200 rpm and 37°C in an Infors HT Ecotron 

shaker. 100 µL of each culture were transferred into a 96-well microtiter plate and OD600 and 

the fluorescence of the expressed eGFP was measured with a Tecan Infinite® M200 plate 

reader (excitation wavelength: 488nm, emission wavelength 535 nm). Fluorescence values 

were corrected by dividing with the OD600 values. An equally treated culture which did not 

express any eGFP was used for subtraction of background fluorescence. All experiments 

were performed in triplicates and error bars represent standard deviations. 
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9. Appendix 

9.1 DNA Sequences: Results and Discussion 3.1 

Sequences for the taRNA constructs are shown. Hammerhead ribozyme for 5‟-processing is 

marked in yellow, endonuclease sites used for molecular cloning procedures are in italic and 

changes in comparison to the taRNA V1 are marked in red. 

taRNA V1 

GATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAGC

CGTCCTGGATTCCACGGGTACCACCCAAATCCAGGAGGTCATTGGTAGTGGTGGTTAAT

GAAAATTAACTTACTACTACCATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTGGG

GTAATGACTCTCTAGCTTG 

taRNA V1i 

GATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGATACGGTGAAAGC

CGTCCTGGATTCCACGGGTACCACCCAAATCCAGGAGGTCATTGGTAGTGGTGGTTAAT

GAAAATTAACTTACTACTACCATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTGGG

GTAATGACTCTCTAGCTTG 

taRNA V1-M1 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCACGGTTATCCAGGAGGTCATTGGTAGTGGTGGTTA

ATGAAAATTAACTTACTACTACCATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTG

GGGTAATGACTCTCTAGCTTG 

taRNA V1-M2 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCTGGGTTTAGGTGGAGGTCATTGGTAGTGGTGGTTA

ATGAAAATTAACTTACTACTACCATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTG

GGGTAATGACTCTCTAGCTTG 

taRNA V1-M3 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCTGGGTTTAGGTCCTCCTCATTGGTAGTGGTGGTTAA

TGAAAATTAACTTACTACTACCATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTGG

GGTAATGACTCTCTAGCTTG 

 

 

 



 

taRNA V1-M4 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCACCCAAATCCAGGAGGTCATTGGTAGTGGTGGTTA

ATGAAAATTAACTTACTACTACCATATATCTCTTGGATAGAAAGCTTCCTAGGCTTAAACG

CCTGGGGTAATGACTCTCTAGCTTG 

taRNA V1-M5 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCACCCAAATCCAGGAGGTCATTGGTAGTGGTGGTTA

ATGAAAATTAACTTACTACTACCATATTAGAGAAGAAAGCTTCCTAGGCTTAAACGCCTG

GGGTAATGACTCTCTAGCTTG 

taRNA V1-M6 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCACCCAAATCCAGGAGGTCATTGGTGGTTAATGAAAA

TTAACTTACTATATATCTCTAGAAAGCTTCCTAGGCTTAAACGCCTGGGGTAATGACTCT

CTAGCTTG 

taRNA V1-M7 

AGATCTGGTACCCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAG

CCGTCCTGGATTCCACGGGTACCTACCTTTGTCTTCTTTAATACCCAAATCCAGGAGGT

CATTGGTAGAAGCTTCCTAGGCTTAAACGCCTGGGGTAATGACTCTCTAGCTTG 

Crl 

AGATCTGAAGAGAGGTATGACTGCCGCAATTTCAGCGCATAGGCGACGATCTCCAGGC

CGTGGGCTTAAAGCCTGGGGTAATGACTCTCTAGCTTG 

 

Sequences for the reporter genes used in this study are shown. PBad promoters are 

underlined, hammerhead ribozymes are marked in yellow, translation start /end sites are 

written in bold letters and endonuclease sites used for molecular cloning procedures are in 

italic. 

PBad - TR-HHR – eGFP – 3’-UTR 

GACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCACTAGTGGACGTTTAGCTTTC

TCCTTCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACCTCTTGGATTTGGGTA

TTAAAGAGGTCCTGGATTCCACGAAGGAGATATACCATG…TAAATGCTCGAGGATCCG

GCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATACC

GCGG 

  



PBad - wt-HHR – eGFP – 3’-UTR 

GACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCACTAGTGGACGTTTAGCTTTC

TCCTTCGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGGTGAAAGCCGTCCTG

GATTCCACGAAGGAGATATACCATG…TAAATGCTCGAGGATCCGGCTGCTAACAAAGC

CCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATACCGCGG 

PBad - eGFP - 3’-UTR 

GACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCACTAGTGGACGTTTAGCTTTA

AGAAGGAGATATACCATG…TAAATGCTCGAGGATCCGGCTGCTAACAAAGCCCGAAAG

GAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATACCGCGG 

9.2 DNA sequences: Results and Discussion 3.2 

5‟- leader sequences for the constructs K2-Gal4, K4-Gal4, and K5-Gal4 are shown. 

Translational start /end sites are written in bold letters and endonuclease sites used for 

molecular cloning procedures are in italic. 

K2-Gal4 

TCTAGACGGCCATTACGGCCAAACTCGCTCGCCCGGGCCGAACCAGTGGCTGCAGGG

CCGCCTCGGCCAAAGGCCTCCATGGGTATATCTGCAGGAATTCGATATCAAGCTTAGAG

AAGCAAGCCTCCTGAAAGATG 

K4-Gal4 

TCTAGACGGCCATTACGGCCAAACTCGCTCGCCCGGGCCGAACCAGTGGCTGCAGGG

CCGCCTCGGCCAAAGGCCTCCATGGGTATATCTGCAGGAATTCGATATCAAGCTTGAAT

TCGCGGCCGCTTCTAGCCCGCCGCCACCATG 

K5-Gal4 

TCTAGACGGCCATTACGGCCAAGATACACTACGTAAACTAACTTAGAGAAGCAAGCCTC

CTGAAAGATG 

 

Sequences of the hammerhead ribozymes are marked in yellow. Translational start /end 

sites are written in bold letters and endonuclease sites used for molecular cloning 

procedures are in italic. 

Type I S. mansoni HHR 

TAATAATACTAGTAAACAAACAAACTGAGATGCAGGTACATCCAGCTGACGAGTCCCAA

ATAGGACGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGCTATCCACAAAAAGAAAAA

TAAAAAGCGGCCGCTGCAGGGGCCC 

  



 

Type I S. mansoni HHR (used for phenotypic analysis in Fig. 2C) 

TAATAATACTAGTCTGAGATGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAAA

CGCGCTTCGGTGCGTCCTGGATTCCACTGCTATCCACGCGGCCGCTGCAGGGGCCC 

Type III S. mansoni HHR 

TAATAATACTAGTAAACAAACAAAGCGCGTCCTGGATTCCACGGTACATCCAGCTGATG

AGTCCCAAATAGGACGAAACGCGCAAAAAGAAAAATAAAAAGCGGCCGCTGCAGGGGC

CC 

Type III sTRSV(+) 

TAATAATACTAGTAAACAAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTC

CGTGAGGACGAAACAGCAAAAAGAAAAATAAAAAGCGGCCGCTGCAGGGGCCC 

Theo-10N 

TAATAATACTAGTCTGAGATGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAAA

NNNNNCATACCAGCCGAAAGGCCCTTGGCAGGNNNNNTCCTGGATTCCACTGCTATCC

ACGCGGCCGCTGCAGGGGCCC 

Neo-8N 

TAATAATACTAGTAAACAAACAAAGCCGGCATAGCTTGTCCTTTAATGGTCCTATGTNNN

GTCCTGGATTCCACGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAANNNNNAAAA

AGAAAAAGCGGCCGCTGCAGGGGCCC 

9.3 DNA sequences: Results and Discussion 3.3 

Sequences of the hammerhead ribozymes are marked in yellow. Promoter sequences are 

underlined, translational start /end sites are written in bold letters and endonuclease sites 

used for molecular cloning procedures are in italic. 

A. thaliana – active S. mansoni type I HHR   

GAATTCTAATAAACAAACAAACCTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAAT

AGGACGAAACGCGCTTCGGTGCGTCCTGGATTCCACTGCTATCCACAAAAAGAAAAATA

AAAAGGTACCGCGGGCCCGGGATCCACCGGGGCCGCGACTCTAGA 

A. thaliana - inactive S. mansoni type I HHR 

GAATTCTAATAAACAAACAAACCTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAAT

AGGACGAGACGCGCTTCGGTGCGTCCTGGATTCCACTGCTATCCACAAAAAGAAAAATA

AAAAGGTACCGCGGGCCCGGGATCCACCGGGGCCGCGACTCTAGA 

  



A. thaliana - active theophylline-dependent P1-F5 aptazyme 

GAATTCTAATAAACAAACAAACCTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAAT

AGGACGAAAGCCATACCAGCCGAAAGGCCCTTGGCAGGGTTCCTGGATTCCACTGCTA

TCCACAAAAAGAAAAATAAAAAGGTACCGCGGGCCCGGGATCCACCGGGGCCGCGACT

CTAGA 

A. thaliana - inactive theophylline-dependent aptazyme 

GAATTCTAATAAACAAACAAACCTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAAT

AGGACGAGATACATACCAGCCGAAAGGCCCTTGGCAGGTGTCCTGGATTCCACTGCTA

TCCACAAAAAGAAAAATAAAAAGGTACCGCGGGCCCGGGATCCACCGGGGCCGCGACT

CTAGA 

 

C. elegans – active S. mansoni type III HHR 

TAGTACCCAGCTTTCTTGTACTAGTAAAGCGCGTCCTGGATTCCACGGTACATCCAGCT

GACGAGTCCCAAATAGGACGAAACGCGCAAAGCGGCCGCACAAAGTGGGTGATATCTG

AGCTC 

C. elegans – inactive S. mansoni type III HHR 

TAGTACCCAGCTTTCTTGTACTAGTAAAGCGCGTCCTGGATTCCACGGTACATCCAGCT

GACGAGTCCCAAATAGGACGAGACGCGCAAAGCGGCCGCACAAAGTGGGTGATATCTG

AGCTC 

C. elegans – active theophylline-dependent P1-F5 aptazyme 

TAGTACCCAGCTTTCTTGTGTCGACAAACAAACAAACTGAGGTGCAGGTACATCCAGCT

GACGAGTCCCAAATAGGACGAAAGCCATACCAGCCGAAAGGCCCTTGGCAGGGTTCCT

GGATTCCACTGCTATCCACAAAAAGAAAAAGCGGCCGCACAAAGTGGGTGATATCTGAG

CTC 

C. elegans – inactive theophylline-dependent P1-F5 aptazyme 

TAGTACCCAGCTTTCTTGTGTCGACAAACAAACAAACTGAGGTGCAGGTACATCCAGCT

GACGAGTCCCAAATAGGACGAGAGCCATACCAGCCGAAAGGCCCTTGGCAGGGTTCCT

GGATTCCACTGCTATCCACAAAAAGAAAAAGCGGCCGCACAAAGTGGGTGATATCTGAG

CTC 

C. elegans – active TPP-dependent 2.5 aptazyme 

TAGTACCCAGCTTTCTTGTGTCGACAAACAAACAAATCTCCTTCGGTACATCCAGCTGAT

GAGTCCCAAATAGGACGAAATCCTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATAC

CCGTATCACCTGATCTGGATAATGCCAGCGTAGGGATGGATCCTGGATTCCACGAAGG

AGAAAAAAGAAAAAGCGGCCGCACAAAGTGGGTGATATCTGAGCTC 

  



 

C. elegans – inactive TPP-dependent 2.5 aptazyme 

TAGTACCCAGCTTTCTTGTGTCGACAAACAAACAAATCTCCTTCGGTACATCCAGCTGAT

GAGTCCCAAATAGGACGAGATCCTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATAC

CCGTATCACCTGATCTGGATAATGCCAGCGTAGGGATGGATCCTGGATTCCACGAAGG

AGAAAAAAGAAAAAGCGGCCGCACAAAGTGGGTGATATCTGAGCTC 

E. coli expression system 

CTCGAGTTTACGGCTAGCTCAGTCCTAGGTATAATGCTAGCACTAGTGGACGTTTAGAT

TCAAGAGGTGAATGGTA - HHR insert -

ATGGTAAGTGGAGAACCTATTGGGTATTAAAGAGGAGAAGGTACCATG 

S. cerevisiae expression system 

TAATAATACTAGTAAACAAACAAA - HHR insert - AAAAAGAAAAATAAAAAGCGGCCGC 

Mammalian expression system 

TAATTCTAGGCGACTAGTAAACAAACAAA - HHR insert - 

AAAAAGAAAAATAAAAAGCGGCCGC 

 

- HHR insert - 

CChMVd(-) 

TTCCAGTCGAGACCTGAAGTGGGTTTCCTGATGAGGCTGTGGAGAGAGCGAAAGCTTT

AC 

sLTSV(-) 

GACGTATGAGACTGACTGAAACGCCGTCTCACTGATGAGGCCATGGCAGGCCGAAACG

TC 

A. thaliana 

TGGTCGTGATCTGAAACTCGATCACCTGATGAGCTCAAGGCAGAGCGAAACCA 

marineMG 

GCGTGTCGGCCACGGCCCCTTCTGGACCTCGTCCGTGGCCCTGACGAGTAGGGTCCA

GAG 

Y. lipolytica 

GGGGGACTGGCTGCCCTGATGAGAACAAACCCATGACTAGCGTCGAAACATCAACAGT

GG 

 



mouseMG 

GGTACCGAATAAATCCCCTGATGAGCAACGGTGAGAGCCGGCGAAACTACCCAAACAA

GGGTAGTCGGGATAGTACCATAA 

R. intestinalis 

ATATTAAGCCGAAACGCTCCGATCTGGAGCGTCAGCTGCGGACCGGTCGCCGCGGCTC

TG 

SewR3-00810s-1 

AGGAAGAAGAGGATAACAGTCGAAACTCCCTTGACCGGGAGTCTACCGGGCTTGCTCT

CC 

  



 

9.4 Plasmids 

pGDR11 AmpR; LacI 

pBAD18a AmpR; AraC 

pCFJ90-myo2 pCFJ90-myo2 

pCFJ-myo3 pCFJ-myo3 

pBT3-C KanR; Leu 

psiCHECK-2 AmpR; hRluc; fluc 

BK14 AmpR; LacI; ctrl. taRNA; TR-HHR/eGFP 

BK18 AmpR; LacI; 5P-HHR/taRNA V1; TR-HHR/eGFP 

BK20 AmpR; LacI; 5P-HHR/taRNA V1-M6; TR-HHR/eGFP 

BK50 AmpR; LacI; 5P-HHR/taRNA V1-M1; TR-HHR/eGFP 

BK51 AmpR; LacI; 5P-HHR/taRNA V1-M2; TR-HHR/eGFP 

BK52 AmpR; LacI; 5P-HHR/taRNA V1-M3; TR-HHR/eGFP 

BK62 AmpR; LacI; inact. 5P-HHR/taRNA V1; TR-HHR/eGFP 

BK72 AmpR; LacI; 5P-HHR/taRNA V1-M7; TR-HHR/eGFP 

BK90 AmpR; LacI; 5P-HHR/taRNA V1-M3; eGFP 

BK91 AmpR; LacI; 5P-HHR/taRNA V1-M3; wtHHR/eGFP 

BK103 AmpR; LacI; 5P-HHR/taRNA V1-M5; TR-HHR/eGFP 

BK104 AmpR; LacI; 5P-HHR/taRNA V1-M4; TR-HHR/eGFP 

BK165 AmpR; LacI; 5P-HHR/taRNA V1; inact. TR-HHR/eGFP 

BK166 AmpR; LacI; 5P-HHR/taRNA V1-M3; inact. TR-HHR/eGFP 

BK167 AmpR; LacI; ctrl. taRNA; inact. TR-HHR/eGFP 

BK174 AmpR; LacI; AraC (Fusion of pGDR11 and pBAD18a) 

BK117 KanR; Leu; K2-Gal4 

BK119 KanR; Leu; K4-Gal4 

BK129 KanR; Leu; act. S. mansoni T1 HHR/K2-Gal4 

BK130 KanR; Leu; inact. S. mansoni T1 HHR/K2-Gal4 

BK136 KanR; Leu; K5-Gal4 

BK146 KanR; Leu; act. S. mansoni T3 HHR/K2-Gal4 

BK147 KanR; Leu; act. sTRSV T3 HHR/K2-Gal4 

BK148 AmpR; act. Theo-H4/eGFP 

BK149 AmpR; inact. Theo-H4/eGFP 

BK150 AmpR; act. Theo-B5/eGFP 

BK151 AmpR; inact. Theo-B5/eGFP 

BK154 KanR; Leu; inact. S. mansoni T3 HHR/K2-Gal4 



BK155 KanR; Leu; inact. sTRSV T3 HHR/K2-Gal4 

BK156 KanR; Leu; act. Theo-H4/K2-Gal4 

BK159 KanR; Leu; act. Theo-B5/K2-Gal4 

BK162 KanR; Leu; inact. Theo-H4/K2-Gal4 

BK163 KanR; Leu; inact. Theo-B5/K2-Gal4 

P-P-A2 KanR; Leu; act. neoA2/K2-Gal4 

P-P-A4 KanR; Leu; act. neoA4/K2-Gal4 

P-P-A5 KanR; Leu; act. neoA5/K2-Gal4 

P-P-B2 KanR; Leu; act. neoB2/K2-Gal4 

P-P-C2 KanR; Leu; act. neoC2/K2-Gal4 

P-P-D3 KanR; Leu; act. neoD3/K2-Gal4 

P-P-D6 KanR; Leu; act. neoD6/K2-Gal4 

P-P-iHHR-A2 KanR; Leu; inact. neoB2/K2-Gal4 

P-P-iHHR-B2 KanR; Leu; inact. neoA2/K2-Gal4 

P-P-iApt-A2 KanR; Leu; act. neoA2-M10/K2-Gal4 

P-P-iApt-B2 KanR; Leu; act. neoB2-M10/K2-Gal4 

BK31 AmpR; eGFP 

BK187 AmpR; act. SewR3-00810s/eGFP 

BK188 AmpR; inact. SewR3-00810s/eGFP 

BK189 AmpR; act. CChMVd(-)wt/eGFP 

BK190 AmpR; inact. CChMVd(-)wt/eGFP 

BK191 AmpR; act. marineMG/eGFP 

BK192 AmpR; inact. marineMG/eGFP 

BK193 AmpR; act. mouseMG/eGFP 

BK194 AmpR; inact. mouseMG/eGFP 

BK210 AmpR; act. sLTSV(-)/eGFP 

BK211 AmpR; inact. sLTSV(-)/eGFP 

BK212 AmpR; act. Arabidopsis/eGFP 

BK213 AmpR; inact. Arabidopsis/eGFP 

BK214 AmpR; act. Y.lipolytica/eGFP 

BK215 AmpR; inact. Y.lipolytica/eGFP 

BK216 AmpR; inact. R.intestinalis/eGFP 

BK247 AmpR; act. aR.intestinalis/eGFP 

BK253 KanR; Leu; act. CChMVd(-)wt/K5-Gal4 

BK254 KanR; Leu; inact. CChMVd(-)wt/K5-Gal4 



 

BK255 KanR; Leu; act. sLTSV(-)/K5-Gal4 

BK256 KanR; Leu; inact. sLTSV(-)/K5-Gal4 

BK257 KanR; Leu; act. Arabidopsis/K5-Gal4 

BK258 KanR; Leu; inact. Arabidopsis/K5-Gal4 

BK259 KanR; Leu; act. marineMG/K5-Gal4 

BK260 KanR; Leu; inact. marineMG/K5-Gal4 

BK261 KanR; Leu; act. Y.lipolytica/K5-Gal4 

BK262 KanR; Leu; inact. Y.lipolytica/K5-Gal4 

BK263 KanR; Leu; act. mouseMG/K5-Gal4 

BK264 KanR; Leu; inact. mouseMG/K5-Gal4 

BK265 KanR; Leu; act. aR.intestinalis/K5-Gal4 

BK266 KanR; Leu; inact. R.intestinalis/K5-Gal4 

BK267 KanR; Leu; act. SewR3-00810s/K5-Gal4 

BK268 KanR; Leu; inact. SewR3-00810s/K5-Gal4 

BK269 AmpR; act. CChMVd(-)wt/hRluc; fluc 

BK270 AmpR; inact. CChMVd(-)wt/ hRluc; fluc 

BK271 AmpR; act. sLTSV(-)/hRluc; fluc 

BK272 AmpR; inact. sLTSV(-)/hRluc; fluc 

BK273 AmpR; act. Arabidopsis/ hRluc; fluc 

BK274 AmpR; inact. Arabidopsis/ hRluc; fluc 

BK275 AmpR; act. marineMG/ hRluc; fluc 

BK276 AmpR; inact. marineMG/ hRluc; fluc 

BK277 AmpR; act. Y.lipolytica/ hRluc; fluc 

BK278 AmpR;; inact. Y.lipolytica/ hRluc; fluc 

BK279 AmpR; act. mouseMG/ hRluc; fluc 

BK280 AmpR; inact. mouseMG/ hRluc; fluc 

BK281 AmpR; act. aR.intestinalis/ hRluc; fluc 

BK282 AmpR;; inact. R.intestinalis/ hRluc; fluc 

BK283 AmpR; act. SewR3-00810s/ hRluc; fluc 

BK284 AmpR; inact. SewR3-00810s/ hRluc; fluc 

BK248 AmpR; eGFP 

BK249 AmpR; act. Theo-P1-F5/eGFP 

BK250 AmpR; inact. Theo-P1-F5/eGFP 

BK251 AmpR; act. S. mansoni T1 HHR/eGFP 

BK252 AmpR; inact. S. mansoni T1 HHR/eGFP 



BK305 AmpR; act. S. mansoni T3 HHR/worm mCherry (myo-2) 

BK306 AmpR; inact. S. mansoni T3 HHR/worm mCherry (myo-2) 

BK342 AmpR; act. Theo-P1-F5/worm mCherry (myo-3) 

BK343 AmpR; inact. Theo-P1-F5/worm mCherry (myo-3) 

BK344 AmpR; act. TPP2.5/worm mCherry (myo-3) 

BK345 AmpR; inact. NeoB2/worm mCherry (myo-3) 

BK346 AmpR; act. NeoB2/worm mCherry (myo-3) 

BK374 AmpR; inact. TPP2.5/worm mCherry (myo-3) 

 

  



 

9.5 Plasmid maps 

 

 

 



10. Record of contributions 

Results 3.1 

I designed, conducted and analysed all of the experiments. 

Results 3.2 

I designed and analysed all of the experiments. I performed all experiments, except for the 

data shown in Fig. 3.8 C and 3.9 C (Lena K. Siewert, Bachelor student), and data shown in 

Fig. 3.12 B and 3.14 (Janina Atanasov, Master student). 

Results 3.3 

I designed and analysed all of the experiments. I performed all experiments, except for the 

data shown in Fig. 3.20 B/C (Eva Höllmüller, Bachelor student). Experiments shown in 

Fig. 3.16 were conducted by AG Funck (Bachelor thesis of Alexander Rex) and Fig. 3.18 by 

AG Deuerling (Martin Gamerdinger). 

 



 

 

11. Abbreviations 

°C Degree celsius 

3-AT 3-amino-1,2,4-triazole 

5-FOA 5-fluorooratic acid 

µg microgram 

µM micromolar 

A adenosine 

AARS aminoacyl tRNA synthetases 

asRNA antisense RNA 

ATP  adenosine triphosphate 

bp base pair 

C cytidine 

CAD computer-aided design 

cAMP Cyclic adenosine monophosphate 

CRP cAMP receptor protein 

DNA deoxyribonuclei acid 

dNTP deoxynucleotide triphosphate 

E. coli Escherichia coli 

eGFP enhanced Green Fluorescent Protein 

G guanosine 

g gram 

h hour 

HHR Hammerhead ribozyme 

IPTG isopropyl β-D-1-thiogalactopyranoside 

L litre 

M molar 

Mg magnesium 

min minute 

mL millilitre 

mm millimetre 

mRNA messenger RNA 

miRNA micro RNA 

nm nanometre 

nM nanomolar 

OD optical density 

ORF open reading frame 

p.a. per analysis 

PCR polymerase chain reaction 

RNA ribonucleic acis 

RNAP RNA polymerase 

rpm rounds per minute 

rRNA ribosomale RNA 

S Svedberg 

SD sequence Shine-Dalgarno sequence 

SELEX systematic evolution of ligands by exponential enrichment 

siRNA small interfering RNA 

sRNA small RNA 

T thymidine 

TALE transcription activator-like effector 

TF transcription factor 

TPP thiamine pyrophosphate 

tRNA transfer RNA 

U uracile 

V Volt 

ZFN zinc finger nuclease 

 




