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Zusammenfassung 

Modernste bioinformatische Analysen zeigten, dass das Hammerhead-Ribozym 

(HHR), das Twister-Ribozym und ähnliche kleine endonukleolytische 

Ribonukleinsäure (RNA)-Motive weit verbreitet und in allen Lebensbereichen 

vorzufinden sind. Dies verdeutlicht, dass Ribozyme in sehr wichtigen genetischen 

Prozessen verschiedener Organismen eine Rolle spielen. Obwohl das Hammerhead-

Ribozym bereits seit drei Jahrzehnte untersucht wird, ist noch immer sehr wenig 

über den Einfluss aktiver Ribozyme auf die Genexpression bekannt. Darüber hinaus 

sind Ribozyme hervorragende Expressionsplattformen von RNA-Schaltern zur 

induzierbaren Kontrolle der Geneexpression.  

Die vorliegende Dissertation untersucht anhand des Hammerhead-Ribozymes die 

Einflüsse von Ribozymen auf die Genexpression in verschiedenen Organismen. 

Darüber hinaus wird die Entwicklung eines neuen Models präsentiert, in dem 

ribozymbasierte RNA-Schalter zur Kontrolle genetisch bedingter Prozesse im 

multizellulären Modelorganismus C. elegans angewandt werden können. 

 Im ersten Teil der Arbeit wird die hohe Motiv- und Organismusabhängigkeit 

von Ribozymen im Einfluss auf die Geneexpression in verschiedenen Organismen 

präsentiert. Dafür wurde eine Auswahl von acht natürlich vorkommenden 

Hammerhead-Ribozymen in verschiedenen genetischen Hintergründen und 

Organismen eingebracht. Insbesondere der Einfluss von Ribozymen auf die 

bakterielle Genexpression wurde analysiert. Die daraus erhaltenen Ergebnisse 

wurden mit einer früheren, vorliegenden Studie in Hefe- und Humanzellen 

verglichen. Die eingebrachten Ribozyme lösten eine unerwartet hohe 

organismusspezifische Variabilität in der Genexpression aus. Folglich wird die 

Geneexpression erheblich durch das ribozymbasierte Spalten der RNA beeinflusst. 

Dieser Effekt variiert jedoch und ist stark vom jeweiligen genetischen Kontext 

abhängig. Die schnell-spaltenden Typ 3 Hammerhead-Ribozyme [CChMVd(-) and 

sLTSV(-)] zeigten tendenziell die stärksten Effekte auf die intrazelluläre 

Genexpression. Die präsentierten Ergebnisse sind wichtig im Hinblick auf 
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potentielle Funktionen der natürlich vorkommenden Ribozyme in der 

Prozessierung von RNA und posttranskriptionalen Regulation der Geneexpression. 

Die erhaltenen Erkenntnisse haben Relevanz für weitere Anwendungen in der 

Biotechnologie und der synthetischen Biologie. In diesen Bereichen werden RNA-

Schalter basierend auf selbstspaltenden Ribozymen entwickelt, um genetische 

Prozesse präzise zu kontrollieren. 

 Im zweiten Teil der Thesis wurden liganden-abhängige Ribozyme 

(Aptazyme) im Modelorganismus Caenorhabditis elegans angewandt. Dabei wurde 

ein durch Aptazyme induzierbares, neurodegeneratives Krankheitsmodel 

entwickelt. 

 Ribozyme sind als flexible Expressionsplattformen besonders gut für die 

Entwicklung verschiedener ligandenabhängiger Genregulatoren im genetischen 

Kontext von Bakterien, Hefen oder Humanzellen geeignet. Das Binden eines 

spezifischen Liganden im Aptamer, das mit der Ribozym-Expressionsplattform 

fusioniert ist ermöglicht das Schalten der Genexpression und das 

konzentrationsabhängige Spalten des Ribozyms. In eukaryotischen Systemen führt 

das durch Aptazyme induzierte Spalten der mRNA innerhalb einer untranslatierten 

Region zum Abbau der RNA und dadurch zur Herabregulation der Geneexpression.  

 Für den Modelorganismus C. elegans sind bisher keine Methoden zum 

einfachen, induzierbaren Schalten der Genexpression bekannt. Hier wurden 

mehrere zur Verfügung stehende Aptazyme in C. elegans analysiert, um die 

Aptazym-Technologie in Richtung dieses wichtigen Modelorganismus zu erweitern. 

Ein genomischintegrierter, tetrazyklinabhängiger RNA-Schalter ermöglichte 2,5-

faches Anschalten der Geneexpression in Abhängigkeit zum zugegebenen Effektor 

in C. elegans. Die verwendeten Tetrazyklinkonzentrationen sind nicht toxisch und 

schaltbare Geneexpression wurde über alle Entwicklungsstufen, vom Embryo bis 

zum jungadulten Wurm, bewiesen. Genexpression konnte auch in Tag 1-adulten 

Würmern induziert werden. Dies stellt neben der einfachen Einbringung des 

Expressionssystems einen weiteren Vorteil gegenüber anderen bisher bekannten 

Systemen zur Geneexpressionskontrolle in C. elegans dar. Der Schalter kann in 

Kombination mit wurmeigenen Promotoren die Geneexpression spezifisch in 

verschiedenen Geweben des Wurmes kontrollieren. Der Anschalter wurde zur 

Entwicklung eines neuen, neurodegenerativen Models in C. elegans verwendet. 
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Neurodegenerative Trinukleotiderkrankungen werden durch mutierte Proteine mit 

abnormal langen Ausdehnungen von CAG-Triplets, Polyglutaminen (PolyQs) 

verursacht. Das hier entwickelte, induzierbare PolyQ-Model in C. elegans weist zwei 

innovative Besonderheiten im Vergleich zu anderen Modellen auf: es ist durch das 

eingebrachte Aptazym induzierbar und wird ubiquitär exprimiert. Dadurch ist es 

ein vielversprechendes, neues PolyQ-Model, beispielsweise für die Anwendung in 

Bezug auf Aggregatlokalisation, oder -transmission, für Studien von 

Interaktionspartnern innerhalb von Aggregaten oder deren Abbau während des 

Alterungsprozesses.  
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Abstract 

Recent bioinformatic studies have demonstrated a wide-spread occurrence of the 

hammerhead ribozyme (HHR), the twister ribozyme and similar small 

endonucleolytic RNA motifs in all domains of life. It is becoming increasingly evident 

that ribozyme motifs participate in important genetic processes in diverse 

organisms. Although the HHR motif has been studied for more than three decades, 

only little is known about the influences of ribozyme activity on gene expression.  

In addition, ribozymes are excellent expression platforms of RNA switches for the 

inducible control of gene expression. The presented doctoral thesis explores the 

influences of ribozyme activity on gene expression utilizing HHRs as examples. 

Further, the development of a new model utilizing a ribozyme-based genetic switch 

is presented that can be used to control genetic processes in the multicellular model 

organism Caenorhabditis elegans. 

The first part of the thesis proposes high motif- and organism-specific 

influences of ribozymes on gene expression in diverse organisms. A selection of 

eight different naturally occurring HHR sequences was analyzed in diverse genetic 

and organismal contexts. The influence of active ribozymes incorporated into 

mRNAs of bacterial expression systems was investigated. The gained results were 

compared to an earlier study in mammalian cell line and Saccharomyces cerevisiae. 

The experiments show an unexpectedly high degree of organism-specific variability 

of ribozyme-mediated effects on gene expression. The presented findings 

demonstrate that ribozyme cleavage profoundly affect gene expression. However, 

the extent of this effect varies and depends strongly on the respective genetic 

context. The fast-cleaving type 3 HHRs [CChMVd(-) and sLTSV(-)] generally tended 

to cause the strongest effects on intracellular gene expression. The presented results 

are important to address potential functions of naturally occurring ribozymes in 

RNA processing and post-transcriptional regulation of gene expression. 

Additionally, the results are of interest for biotechnology and synthetic biology 
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approaches that aim at the utilization of self-cleaving ribozymes in form of RNA-

switches as widely applicable tools for controlling genetic processes. 

In the second part of the thesis it is demonstrated that ligand-dependent 

ribozymes (aptazymes) can be applied to the model organism C. elegans. 

Furthermore, an inducible gene expression model for neurodegenerative diseases 

utilizing aptazymes is proposed in C. elegans. 

Ribozymes have been shown to function as flexible expression platforms 

allowing for the construction of various ligand-dependent aptazymes especially in 

bacterial, S. cerevisiae and mammalian cell contexts when they are inserted into non-

coding regions of mRNAs of interest. Cleavage of the respective mRNA results in 

degradation of the transcript. Incorporated into an eukaryotic expression system, 

aptazyme-mediated cleavage of mRNA within the untranslated region leads to 

degradation of the transcript and therefore downregulation of gene expression.  

 For the model organism C. elegans convenient methods for conditional gene 

expression are still lacking. To expand the aptazyme technology towards this 

important research animal model, we tested several different aptazymes. A 

genomically integrated tetracycline-dependent HHR switch allowed to turn on gene 

expression 2.5-fold in response to the addition of the effector in C. elegans. The 

utilized tetracycline concentrations are non-toxic. Conditional gene expression is 

shown for the developmental stages from embryo to young adulthood, but also for 

day one adult worms. Besides the simple incorporation of aptazymes, this is an 

advantage over other genetic control systems used in C. elegans. Aptazymes can be 

combined with natural promoters to gain tissue specific gene expression control. 

Finally, the tetracycline-dependent ON-switch was successfully applied to a 

neurodegenerative model in C. elegans. The neurodegenerative polyQ diseases are 

caused by mutated proteins that have an abnormally long polyglutamine (Qs) 

stretch in their sequence. The presented, new polyQ model in C. elegans harbors two 

innovative features compared to others, it is inducible by a small ligand and it is 

ubiquitously expressed. Therefore, it is a promising model for aggregation 

localization and transmission, for assays on interacting protein partners within 

aggregates or degradation of polyQ aggregates during aging of the worm. 
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Chapter 1 

Introduction: From ribozymes to 
aptazymes - gene expression control 
in diverse organisms 

In the modern living organism deoxyribonucleic acid (DNA) harbors the genetic 

information and allows for reproduction and replication. Nevertheless, throughout 

evolution ribonucleic acid (RNA) has evolved as a ubiquitous macromolecule with 

fascinating functions beyond storing genetic information. RNA is discussed within 

the RNA world hypothesis to be more ancient compared to DNA1-4. For sure, due to 

its chemical and structural versatility, RNA is indispensable in all domains of life. 

Cellular systems synthesize RNA polymers to store information, to catalyze chemical 

reactions, and to control essential cellular processes5. RNA can fold into complex 

three-dimensional structures for examples in ribozymes. Ribozymes are fast self-

cleaving RNA structures discovered widespread in nature. Their self-cleavage 

reaction can be catalyzed by the RNA structure itself without the need of proteins. 

Artificial variants of ribozymes have been engineered which could control gene 

expression in different cell systems. Together, ribozymes show various functions 

and a high potential for different applications. This doctoral thesis will focus on the 

artificially developed ligand-dependent ribozymes (aptazymes) which were 

successfully established over time passing some important discoveries within the 

research field of RNA and RNA catalysis. 

 The first nucleic acid was isolated from the nuclei of white blood cells by 

Friedrich Miescher in 18696. In 1953 James Watson and Francis Crick suggested the 

DNA model in a double-helix based on an X-ray diffraction image from Rosalind 

Franklin from 19527. Soon, the central dogma of molecular biology, a framework to 

explain the information flow within living organisms, was declared by Francis Crick 

in 19588. Simplified, the sequence information is transferred between information-

carrying biopolymers, thereby DNA is transcribed into RNA which is then translated 
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into proteins. Three major players of RNA are involved in this process. The 

messenger between DNA and protein is the so-called messenger RNA (mRNA). 

Different transfer RNAs (tRNAs) loaded with amino acids and the ribosomal RNA 

(rRNA) involved in the peptide-bond synthesis are required for the translation from 

mRNA and biosynthesis into proteins. Although the central dogma of molecular 

biology in its early one-way description is very popular, it is incorrect and 

incomplete. DNA can be copied from DNA in the so-called replication process. RNA 

can also be replicated and, by reverse transcription, be copied into DNA. Further, 

other transfers of information within cells like epigenetic modulations and post-

translational modifications, respectively, are known today.  

RNA is not only a messenger operating between DNA and proteins, but it 

plays a significant role in the control of gene expression and has important 

regulatory functions within the cell9-11. High-throughput transcriptome analysis 

have revealed that up to 90% of eukaryotic genomic DNA is transcribed9. 1–2% of 

these encode for proteins, whereas the great majority is transcribed in form of non-

coding RNAs (ncRNAs). The ncRNAs can be divided into infrastructural ncRNAs like 

rRNA, tRNA, small nuclear (snRNAs) or small nucleolar RNAs (snoRNAs) and on the 

other side regulatory ncRNAs9. Classes of regulatory ncRNAs are the micro RNAs 

(miRNAs), Piwi-interacting RNAs (piRNAs), small interfering RNAs (siRNAs) and 

long non-coding RNAs (lncRNAs)11. The miRNAs alone are predicted to regulate up 

to one-third of the human genome10.  

Catalytic RNAs have attracted researchers  interest since the s. Since 

then the catalytic RNAs have been validated and demonstrated to be involved in 

fundamental reactions within the process of protein biosynthesis and RNA 

processing12-14. The first discovered catalytic RNA (ribozyme) was the self-splicing 

Group I intron reported in 1982 by Thomas Cech15. Sidney Altman did the second 

discovery of a natural ribozyme, the RNAse P that is involved in tRNA maturation16. 

The two researchers Altman and Cech were honored with the Nobel Prize for this 

pioneering work on RNA as catalytically active macromolecule. In 1986, a third 

natural ribozyme was found, namely a small hammerhead ribozyme (HHR) with 

~ 50 nucleotides length17. It was discovered in satellite RNA of the Tobacco ringspot 

virus17 and in RNA transcripts of the avocado sunblotch viroid (ASBV)18. Also the 
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ribosome is a ribozyme19.The ribosome consists of RNA-binding proteins and the 

rRNA which catalyzes the peptide bond formation in protein biosynthesis13.  

With the knowledge about RNA catalysis researchers contemplated about an 

ancient RNA world4. The RNA world is described as an intermediate stage of 

evolution in which self-replicating RNA dominated before the evolution of DNA and 

proteins. Up till now, the theory is controversially discussed and the debate about 

what existed first, RNA or proteins, or whether they co-evolved is still going on1-3, 20. 

A nowadays very famous relic of the ancient RNA world is the small nucleolytic 

ribozyme. This family of small self-cleaving RNA motifs opened a fascinating 

research field. Currently, many natural functions of small nucleolytic ribozymes are 

still unknown and we can learn more about how life may have originated from the 

RNA world. In addition, and even more important for the here presented work, small 

nucleolytic ribozymes bear a high potential as robust and efficient tools which can 

be applied to artificial genetic toolkits 

Small nucleolytic ribozymes 

The family of small nucleolytic ribozymes consists of RNA motifs with a size range 

between 50 to 150 nucleotides12. They catalyze site-specific self-cleavage of the 

phosphodiester bond. For this no enzymes or protein chaperones are needed12. The 

RNA structures were shown to fold autonomously requiring metal ions to adopt 

their active conformation. However, it is still controversially discussed whether 

metal ions are necessary for all ribozyme cleavage mechanisms21, 22. Today, 

available crystal structures help to further clarify the mechanisms of self-cleavage. 

All small nucleolytic ribozymes rely on catalytic strategies to force self-scission 

within an active site formed by unique secondary and tertiary structures of the 

motifs. In RNA the variety of groups that might participate in the reactions are 

generally restricted to the nucleobases, hydrated metal ions and the ′-hydroxyl 

group23. By optimal alignment of the required residues, a transesterification 

reaction is catalyzed resulting in a 5´-product carrying a terminal 2´-3´-cyclic 

phosphate and a 3´-product with a free terminal 5´-hydroxyl group (Figure 1)24. The 

cleavage reaction further implies proceeding via a penta-coordinated phosphorane 
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transition state. Four catalytic strategies can influence the site-specific 

phosphodiester cleavage25-27: 

) Alignment of the -oxygen nucleophile, the scissile phosphate and the -

oxygen leaving group for in-line attack. 

) Stabilization of the penta-coordinated phosphorane transition state. 

) Activation of the -oxygen nucleophile by a general base. 

) Activation of the -oxygen leaving group by a general acid. 

 

 
Figure 1| Mechanism of self-cleavage and possible catalytic reaction of small endonucleolytic ribozymes. RNA phosphodiester cleavage by phosphoester transfer involving the ′-hydroxyl group of the nucleophile that is 
positioned in-line with the ′-O leaving group. The reaction passes through a penta-coordinated transition state 
or intermediate. Transesterification reaction is catalyzed resulting in a 5´-product carrying a terminal 2´-3´-
cyclic phosphate. The 3´-product leaving group is protonated by a general base generating a free terminal 5´-
hydroxyl group. The four catalytic strategies that can impact on the reaction are: , in-line nucleophilic attack, 
SN2-type; , neutralization of the developing  negative charge on nonbridging phosphate oxygens; , deprotonation of the ′-hydroxyl group; and , neutralization of negative charge on the ´-oxygen atom by 
protonation. Adopted from28. 

Up till now, nine self-cleaving RNAs have been identified in nature. Among the 

earlier examples are the hairpin, hepatitis delta virus (HDV), glucosamine-6-

phosphate synthase (glmS), Neurospora Varkud satellite (VS) and the hammerhead 

ribozymes (HHRs)12. Recently, new types of ribozymes called twister, TS (originally 

twister-sister)23, hatchet and pistol were discovered29, 30.  

The natural in vivo function of most small nucleolytic RNAs still remains 

elusive. Many small ribozymes are involved in the processing of concatemeric copies 

of single-stranded RNA during rolling circle replication of virus genomes (Figure 

2a)12, 31-33. The VS ribozyme found in Neurospora processes repetitive RNA 

species32, 34. Only three examples of the hairpin ribozyme family are known 

coincidently occurring on the opposite RNA strand of a HHR17, 35, 36. Two HDV 
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ribozymes are encoded in the HDV genome. The two HDV ribozymes were first 

discovered in their function of processing concatemeric copies of the viral RNA 

genome during rolling circle mechanism (Figure 2a)31. Sequence analysis based on 

the nested double-pseudoknot secondary structure identified the HDV-like 

ribozymes in nearly all branches of life37. The HDV-like ribozymes could be often mapped to the -untranslated regions (UTRs) of autonomous retrotransposons 

hinting at a role in the processing of retrotransposons (Figure 2b). The -end of a 

transposon RNA could be processed by the ribozyme which additionally promotes 

the translation of the retroelement and facilitates insertion of the retrotransposon 

into a new DNA locus12.  

 

 
Figure 2| Roles of small endonucleolytic ribozymes. (a) During rolling circle mechanism concatemeric copies of 
the opposite polarity of the single-stranded RNA (ssRNA) are generated. (b) Liberation of the 5´-end by 
retrotransposon-associated hepatitis delta virus (HDV)-like ribozymes. Translation of the downstream open 
reading frame is promoted by the ribozyme (Rz) element in the 5´UTR of the RNA. The produced protein targets 
nicking, reverse transcription and genomic insertion. Complete insertion of the long interspersed nuclear 
element (LINE) is promoted by the HDV-like ribozyme. Adopted from 12. 

Naturally occurring ribozymes are promising platforms for synthetic biology tasks. 

Among the extended list of ribozymes discovered so far, the HHR is the best 

characterized and most utilized ribozyme within a genetic toolkit. Compared to the 

HHR, the newly discovered twister ribozyme reflects differences in its structural 

configurations leading to new engineering possibilities.  
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The hammerhead ribozyme  

The hammerhead ribozyme (HHR) is named after its characteristic Y-shape which 

resembles the head of a hammerhead shark. It was first discovered in viroids18 and 

plant satellite RNA viruses17, 38 and is the third catalytic RNA that was discovered. 

Today, the HHR is still the most intensely studied ribozyme of its class39. Their small 

size of ~ 50 nucleotides and the fundamental catalytic activity make the HHRs to 

excellent models in diverse applications. The characteristic Y-shape corresponds to 

a three-way junction that constitutes the catalytic core of the ribozymes (Figure 3).  

 

 
Figure 3| The hammerhead consensus sequence and its secondary structure distinguished in three types. A 
minimal three-stem junction constitutes the catalytic core of the hammerhead ribozyme. The cleavage site is 
marked by a gray arrow head. Additional sequences in the variable stems and in loops are connected to the 
transcript. Tertiary interactions are marked in gray lines between stems 1 and 2. Adopted from40. 

Three helical stems branch of the catalytic core which are closed by a loop or 

connected to the RNA. The HHR motif occurs in three different variants grouped in 

HHRs type 1, type 2 and type 3 by the stem that connects the HHR to the RNA 

backbone40 (Figure 3). Stem 2 aligns coaxial with stem 3 within the natural HHR 

motif41. Naturally occurring HHR motifs with prolonged stem-loops show 

characteristic tertiary interactions between stems 1 and 2 which increase the 

activity of the core under physiological conditions41, 42. In contrast, an initially 

studied minimal HHR motif required much higher magnesium ion concentrations 

than measured in cells43. It was shown later that also a minimal HHR motif can be 

tuned for enhanced catalytic activity by insertion of an additional trans-Hoogsteen 

base-pairing interaction mimicking tertiary interactions within natural HHR 

motifs44.  
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In 2011 more than 10,000 natural HHR motifs have been discovered by 

bioinformatic analysis40. Together with other findings the HHR revealed to be 

widespread in all kingdoms of life40, 45-49 (Figure 4). New insights could be gained 

for the natural function of the found motifs by connecting the findings with their 

sequence contexts, respectively. 

 

 
Figure 4| Distribution of the hammerhead ribozymes among all domains of life. Adopted from40. 

The originally discovered HHR motif was the type 3, found in sub-viral plant 

pathogens, involved in the replication process of the rolling circle mechanism 

(Figure 2a)17, 18. The HHR firstly found in mammalian context is also a type 3 HHR50. 

This atypical type 3 HHR motif was found in the 3´-UTR of C-type lectin type 2 

(Clec2) genes in different mammals like rodents and platypus50, 51. This highly active 

HHR is divided in two fragments separated by hundreds of nucleotides leading to a 

long extension in stem 1 of the HHR50. The biological function of the discontinuous 

Clec2 HHR is still unknown. However, control of the site of polyadenylation could be 

suggested39, 50. The type 1 HHR, identified first in 199852, showed the highest 

abundancy in recent bioinformatic searches40, 48. Type 1 motifs are found e.g. in 

Schistosoma associated with repetitive satellite DNA sequences48. Recently, a high 

number of HHR motifs similar to type 1 were discovered with a shortened stem 3 

(S3 HHRs)53, 54. The S3 HHRs seem to act in tandem copies where they can adopt an 

elongated stem 3 structure. Furthermore, S3 HHRs are associated with penelope-
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like retro-elements53, 54. The type 2 HHR motif was discovered much later than 

type 1 and type 3, simply explained by altered search algorithms40, 46. In microbial 

genomes they are often found to be associated with phage-related genes48.  

HHRs of all three topologies were frequently found within eukaryotic 

introns48, 55. Many intronic HHRs seem to be associated with reverse transcriptase–
like coding regions, hinting at a potential involvement in retro-transposable 

elements by ribozyme interference with the splicing machinery55. Besides some 

type 1 motifs the majority of HHRs found in plant genomes are of type 3 topology56. 

Here, tandem HHR repeats are associated with long terminal repeat 

retrotransposons and therefore also termed retrozymes (Figure 5). In the currently 

proposed model, these ribozymes are actively transcribed and upon cleavage give 

rise to heterogenous linear and circular RNAs which may undergo autonomous 

replication by plant polymerases56.  

 

 
Figure 5| Retrozymes. A full genomic retrozyme with at least two HHRs is transcribed. The transcribed RNA 
would self-process through the HHRs to give a linear RNA with ′-OH and ′- ′-cyclic phosphate ends, which 
would be circularized. The resulting circRNA(+) would be template for either endogenous RNA polymerases 
(replication cycles) and/or retrotranscriptases encoded by LTR-retrotransposons., The cDNAs resulting from 
retrotranscription of a circular RNA template could have different lengths (solo LTR, monomeric or multimeric). 
This depends on the processivity of the retrotranscriptase. Finally, the machinery of the LTR-retrotransposon 
would integrate the retrozyme DNAs into a new genomic locus. Adopted from56. 
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The widespread occurrence of natural HHR motifs and their broad diversity offers a 

huge repertoire of ribozyme motifs for genetic tool designs. There are little 

experiences regarding the transferability of naturally occurring HHRs as regulatory 

elements to other organisms. Influences on gene expression of HHRs derived from 

different topologies and different sources could be further studied in genetic model 

systems.  

The twister ribozyme 

After a long gap of newly discovered ribozyme motifs, a new small nucleolytic 

ribozyme motif was published by the Breaker group in 201329. This ribozyme obtained the name twister  based on its conserved secondary structure similar to the ancient Egyptian hieroglyph twisted flax  29. Almost 2,700 twister ribozymes 

have been found in diverse eukaryotic and bacterial species, especially in the class 

of Clostridia29. The widespread occurrence of twister is comparable to the HHR and 

the HDV ribozymes37, 40. The genetic contexts have marked similarities to those of 

HHR29, 30. Hence, it was suggested that the twister ribozymes and the HHRs have 

functional similarities in vivo29.  

By comparison of the found twister ribozymes a detailed consensus 

secondary sequence was described (Figure 6)29. The twister ribozyme includes 

three essential stems P1, P2 and P4. Optionally, maximal three additional stems P0, 

P3 and P5 can be added. Three circularly permuted RNA variants were assigned 

defined by the stem connected to the RNA backbone29. Therefore, they are called 

type P1, type P3 or type P5. Two pseudoknots form long-range tertiary interactions 

within the twister ribozyme, resulting in a rather compact structure. Reported 

crystal structures of different twister ribozymes support the same global fold of the 

motif, but with differences in residue orientations within the cleavage-site and in 

the role of divalent cations22, 57-59. 

The HHRs and the twister ribozymes mostly coexist in the same genome-

contexts and they are present in both bacteria and eukaryotes. The two motifs are 

circularly permuted and with their number of stems they are versatile modules for 

bioengineering applications in diverse organisms.  
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Figure 6| The twister ribozyme. The detailed consensus sequence is shown in the type P1 configuration. The 
black arrow head depicts the cleavage site. Catalysis is promoted in part by highly-conserved nucleotides A1 
and G33. Red, black and blue nucleotides represent >97%, >90%, and >75% conservation among natural 
representatives. R and Y name purine and pyrimidines. Green shading indicates strong evidence for sequence 
covariation to maintain base-pairing. Predicted pseudoknots are labeled by i and ii. Optional stems are P0, P3 
and P5. Naturally occurring Type P3 and P5 configurations are depicted. Adopted from28, 29. 

From ribozymes to aptazymes 

For bioengineering applications ribozymes can be utilized to control their cleavage 

reaction and therefore gene expression by artificial designs. They can be fused to an 

aptamer domain generating ribozymes with an allosteric behavior, so-called 

aptazymes. Aptazymes can be useful as biological sensors60-63, for bio-computing64, 

65 and for potential therapeutic applications66-68, respectively.  

Ligand binding RNA (and DNA) structures, so-called aptamers, came up in 

199069, 70. After they have been synthetically developed over years, aptamers were 

used to regulate gene expression like the later discovered natural riboswitches69, 71, 

72. Natural riboswitches consist of a natural aptamer domain and an expression 

platform for regulation of gene expression. They have been discovered in 200273-76. 

From the nature of riboswitches researchers learned that the combination of 

ribozymes fused to aptamers to form aptazymes is not just artificial and natural 

riboswitches could serve as templates for new aptazyme designs. Until now, 

research on aptazymes became an important research field in synthetic biology.  



 
   19 
 

This section gives a short summary of the development of aptamers and 

riboswitches. It leads to the focus of this thesis, the artificial aptazymes and their use 

for conditional gene expression control. Some prominent examples of aptamers, 

natural riboswitches and aptazymes will be highlighted to show the development in 

the research fields.  

Aptamers 

Aptamers are RNA (or DNA) sequences with binding specificity to a target ligand. A 

huge variety of ligands that bind aptamers are known including small organic 

molecules, polypeptides as well as other nucleic acids. Aptamers can be generated 

by systematic evolution of exponential enrichment (SELEX). It is an in vitro selection 

in multiple rounds starting from a huge sequence pool69, 70. This method was further 

optimized over the last years. RNA sequences bind to their target ligand via 

hydrogen bonds and stacking interactions, but mainly via electrostatic interactions 

between charged groups. Although several dozen small molecule binding aptamers 

have been selected in the last years only a minority is suitable as regulatory 

elements for gene expression77. Two prominent examples for in vivo functional 

SELEX-derived, ligand-binding aptamers should be mentioned: a theophylline-78, 79 

and a tetracycline-binding80-84 aptamer. The theophylline aptamer highly 

discriminates against structurally closely related purines like caffeine. The 

discrimination is 10,000-fold. Theophylline was shown to be a good binder with 

good cell permeability78, 85, 86 and therefore is still a frequently used ligand for 

aptamer binding in diverse prokaryotic and eukaryotic in vivo approaches. 

Interestingly, the theophylline-binding aptamer can be reprogrammed by a single 

point-mutation binding 3-methylxanthine in a higher affinity than theophylline87, 88. 

The ligand-free structure of theophylline-aptamer is rather dynamic. Binding of 

theophylline causes a conformational change stabilizing a highly defined and robust 

structure (Figure 7)88.  
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Figure 7| The theophylline-aptamer. (a) Sequence and secondary structure of the theophylline-binding 
aptamer. The conserved region is boxed. The 3-methylxanthine binding aptamer used here has C22 changed to 
A22 and C27 changed to A27. (b) Chemical structures of theophylline and 3-methylxanthine. (c) NMR structure 
of the theophylline-binding aptamer in a complex with theophylline showing only the conserved region, with 
bases 10 and 27 labeled in blue. The theophylline ligand is shown in sticks. Modified figure adopted from88. 

The tetracycline-binding aptamer structure behaves like the theophylline aptamer. 

In its unbound state it adopts a less stable pre-folded scaffold which is stabilized in 

a more compact structure after ligand-induced conformational changes (Figure 

8)89-92. The tetracycline-aptamer binds its ligand in a sub-nanomolar range80, 84. Due 

to its high binding affinity and high cell permeability it is frequently used in ligand-

dependent RNA regulation designs. 

Early investigations in eukaryotic systems demonstrated that both, the 

theophylline- and the tetracycline-aptamers inserted into the 5´-UTR of a gene stall 

ribosomes and therefore translation78. Aptamers can be applied to sequester and 

liberate splice sites 5´ to introns and therefore control gene expression in response 

to ligand addition83, 93. Recently, the tetracycline-dependent aptamer was utilized 

for conditional control of exon skipping in mammalian cells94. Aptamers established 

to control gene expression in prokaryotic systems were based on the discovered 

designs of natural riboswitches (see next section). Translation initiation in bacteria 

is highly dependent on the accessibility to the ribosome binding site (RBS) and the 

start codon. Aptamers were inserted to sequester the RBS in response to ligand-

binding in the aptamer 85, 95, 96. 

Together, the aptamers bind to their targets with high selectivity and affinity 

equal to proteins. The induced conformational changing of their RNA structure upon 



 
   21 
 

ligand binding makes them to good candidates in diverse gene expression control 

designs.  

 

 
Figure 8| The tetracycline-aptamer. (a) Sequence of a wild-type connectivity tetracycline aptamer (left). 
Sequence of the circularly permuted crystallization construct (right). Note deletion of loop L2, and introduction 
of a U1A protein binding site capping paired region P1. Gray nucleotides are functionally dispensable. (b) The 
chemical structure of tetracycline, numbered conventionally. X can be hydrogen or chlorine, for tetracycline or 
7-chlorotetracycline, respectively. (c) Cartoon representation of the tetracycline aptamer in complex with 7-
chlorotetracycline (green stick figure) and U1A in gray. Magnesium ions and their solvation waters (magenta 
and red spheres, respectively) are shown. Colored arrows denote chain direction. Modified figure adopted 
from90. 

Riboswitches 

Riboswitches are natural RNA elements discovered in 2002 which regulate gene 

expression by a ligand induced conformational change of the targeted mRNA. A 

riboswitch consists of two functional domains. The aptamer domain is most 

evolutionary conserved and selectively binds a targeted metabolite. The expression 

platform responds to the binding of the metabolite and leads to modulation of 

downstream events (Figure 9a)97.  

The first natural RNA aptamers in form of riboswitches have been found in bacteria.  

In the beginning no protein repressor could be found for the regulation of the 

operon of the vitamin B1-, B2- and B12-biosynthetic genes. Instead, three vitamin 

derivatives thiamine pyrophosphate (TPP)73, 76, flavin mononucleotide (FMN)73 and 

AdoCbl74 were found to interact directly with the respective mRNA to control the 
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vitamins operon. These were the first findings of riboswitches affecting 

transcription termination or translation initiation97. Most bacterial riboswitches 

affect transcription or translation of genes (Figure 9a, b)97. Today nearly 40 

different compounds sensed by riboswitches have been discovered98. Although in 

recent years several riboswitch candidates of a long list have been matched to their ligand, the majority are still orphans  because their cognate pairing ligand has not 
been found yet99. New riboswitch-controlled cellular processes and their respective 

ligands are yet to be determined. 

 Two special riboswitches should be highlighted. The already introduced 

glmS ribozyme is also a riboswitch. For a riboswitch it uses an unconventional 

mechanism by coupling metabolite sensing with mRNA self-cleavage. It regulates 

the glmS gene expression in the gram-positive bacterium Bacillus subtilis100. 

Glucosamine-6-phosphate (GlcN6P) is the metabolic product of the glmS enzyme 

and the ligand for the glmS-ribozyme-riboswitch. With rising GlcN6P concentrations 

in the cell GlcN6P binds to the riboswitch aptamer domain and glmS mRNA is 

cleaved (Figure 9c)100. The cleaved 5´-OH product is finally degraded by the RNase J 

present in gram-positive bacteria and therefore further expression is 

downregulated101. 

Another ribozyme-riboswitch senses the second messenger cyclic di-

guanosyl-5´-monophosphate (c-di-GMP). The associated genes of this riboswitch 

are involved in motility, virulence and other processes102. Some of the c-di-GMP 

riboswitches are located proximal to group I self-splicing introns103. This tandem 

RNA sensory system resides in the 5´-UTR of the mRNA for a putative virulence gene 

in the pathogenic bacterium Clostridium difficile. Binding of c-di-GMP to the 

riboswitch induces changes in folding allowing GTP attacking the 5´-splice site. 

Therefore, self-excision of the intron brings two distant RBS-halves together for 

translation (Figure 9d)104.  

Riboswitches respond to endogenous metabolites. By their discovery 

artificial riboswitches gained the potential to become new tools as gene expression 

regulators by sensing all kind of small molecules. Aptazyme designs derived from 

the aptamer approaches and the knowledge gained from natural riboswitches.  
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Figure 9| Riboswitch-based gene control in bacteria. The major mechanisms used by riboswitches to alter gene 
expression are (a) controlling transcription termination by folding into an RNA secondary structure that 
competes with an intrinsic termination hairpin or (b) controlling translation initiation by sequestering the 
ribosome binding site (RBS). The ligand is indicated by a blue oval. Riboswitches can change gene expression 
from an OFF- to an ON-state (termed ON-switch) or vice versa (termed OFF-switch). Both directions are possible 
for the described transcriptional and translational control; adapted from105. (c) In gram-positive bacteria, bound 
GlcN6P induces cleavage by the glmS ribozyme-riboswitch in the 5´-UTR. The 5´-hydroxyl group of the resulting 
cleavage fragment stimulates degradation of the message by RNase J. (d) In C. difficile an allosteric ribozyme-
riboswitch combining self-splicing and translation activation was found. In absence of c-di-GMP the intron uses 
GTP cleavage site 2 (GTP2 arrow) resulting in a truncated SD-site (RBS site) and no expression. Binding pf c-di-
GMP to the riboswitch promotes GTP-dependent cleavage site 1 (GTP1 arrow) and self-excision of group I self-
excision intron using splicing sites (purple circle) therefore two halves of the SD site are brought together. 
Translation is initiated. Modified figure adapted from97. 

Aptazymes  

After the discovery of ribozymes and the first aptamer designs, natural occurring 

ribozymes have been designed to control gene expression artificially106-109. The 

early works in this field were in vitro approaches. In one of the first approaches the 

catalytic activity of a HHR motif was regulated106. For this a DNA oligonucleotide 

effector was designed complementary to a single-stranded loop of the ribozyme. The 
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effector activated the ribozyme efficiently106. In another approach a hairpin 

ribozyme was extended by inserting a RNA structure that serves as a binding site 

for bacteriophage R17 coat protein110. These in vitro studies showed that ribozymes 

can be engineered to function efficiently. In 1997, riboswitches were not discovered 

yet. Researchers started with so-called modular rational design approaches to 

generate ligand-dependent ribozymes by fusion to aptamers. These designed 

constructs were called aptazymes. In this pioneering work integration of functional 

domains was allowed by taking advantage of the modular nature of the used 

ribozyme. The aptazyme was designed with a minimal in-trans acting HHR motif 

fused to the 40 nucleotide ATP-binding aptamer domain107, 111. The aptazyme 

cleavage was activated in the presence of ATP. With the same approach a 

theophylline-dependent ribozyme was established107.  

An aptazyme is organized in three parts (Figure 10). The ribozyme is the 

catalytic domain. This catalytic domain should be fused to a sensor domain like an 

aptamer. A communication module is required to transfer the conformational 

changes in response to ligand-binding from the aptamer domain to the ribozyme. 

The type of communication module decides whether the binding mechanism results 

in an inducing or repressing stimulus. The transformed conformational changes can 

have a stabilizing or destabilizing effect on the catalytic core of the ribozyme.  

 

 
Figure 10| Exemplified aptazyme structure. The catalytic domain (ribozyme, black) is fused via a 
communication module (gray boxed) to a sensor domain (aptamer, blue). Tertiary interaction in light gray, 
cleavage-site depicted by an arrow head. 
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The design of the communication module can be the bottleneck of the aptazyme 

development. Therefore, different selection techniques were optimized. Rational 

design approaches were based on the described modular nature of the utilized 

ribozyme. Watson-Crick base pairing rules were taken into account as well as 

considerations about the thermodynamic stability of RNA duplexes and their 

conformational changes112. More in vitro selection methods have been developed 

and SELEX was not only utilized to find de novo aptamer domains, but also to select 

active aptazyme designs from large populations of RNA molecules87, 109, 112-115 

(especially reviewed in112). These techniques required a multitude of selection 

steps. The possibility to utilize artificial selection techniques and the modular 

organization of the designs stimulated the development of synthetic genetic control 

elements in the last decades77. A broad variety of aptazymes were generated 

functional in vitro utilizing different ribozymes. Garrett A. Soukup and Ronald R. 

Breaker found that some ribozymes could be connected to different aptamers by the 

same communication module109. Further, a certain communication module could be 

used for different ribozymes to connect them to an aptamer116.  

The early aptazymes covered a broad variety of control mechanisms. 

Nevertheless, these approaches were only demonstrated in vitro and it turned out 

that often they could not be transferred in vivo117, 118. Different aspects could be rate 

limiting in vivo such as folding of the RNA structure or ligand-binding119. At least the 

minimal HHR based aptazymes developed at that time never found any application 

in vivo. Here, the importance of tertiary interactions between stems 1 and 2 in the 

HHRs have been found later. The finding of the crucial tertiary interactions within 

extended HHR motifs made new designs of aptazymes possible.  

In 2004, Mulligan and coworkers have shown that natural full-length HHR 

ribozymes implemented into an in vivo expression system can control gene 

expression efficiently owing to spontaneous cleavage120. Cleavage of the ribozyme 

lead to intracellular degradation of the transcript. Further, they optimized the 

ribozyme structures for the in vivo applications in mammalian cell line and mice. 

Oligonucleotide-dependent control of trans-gene expression was established120. The 

first artificial approach in bacteria was demonstrated with a new design by RBS-

masking through the aptazyme structure121, 122. By mimicking the mode of action of 

a natural riboswitch the new designs enabled translational control in E. coli122.  



 
26 
 

Clearly, in vivo expression systems have advantages over in vitro approaches 

for selection of active ribozyme and aptazymes. In vivo established aptazyme activity 

can be directly read out by the assay system within the organism. Further, several 

synthetic approaches were undertaken to create aptazyme based conditional gene 

expression systems in vivo. Proof of principle studies of aptazymes were provided 

in prokaryotic and eukaryotic cell contexts. Aptazymes turned out to be highly 

suitable for conditional gene control and can be also applied to other organisms.  

Aptazymes for conditional gene expression in vivo 

Aptazymes have many advantages to control gene expression. They are robust tools 

due to in-cis regulation. Gene regulation systems based on transcription factors act 

in-trans and require huge sequence space. Defined protein concentrations are 

necessary for an adequate control system. Promoter based systems like the well-

known tet-ON/ tet-OFF system need additionally expressed regulatory proteins123 

which can cause immune responses124. In contrast, protein-free gene regulation 

systems like aptazymes need small coding space and natural promoters can be used. 

A simple incorporation into UTRs of gene expression systems is given. Cleavage 

control of the ribozyme in response to a small ligand allows rapid control of gene 

expression. No side-effects within the living system are forced. The external ligand 

should be cell-permeable in low, non-toxic dosage.  

In the beginning of in vivo proof of principle studies aptazymes from in vitro 

screenings and rational design techniques have been tested which not always 

showed transferability to in vivo systems118, 119. A partly successful in vitro tested 

design was reported by the Suess group. A tetracycline-dependent HHR was 

screened in vitro and was shown to be active in S. cerevisiae, but not transferable to 

mammalian cell line systems125, 126.  

To overcome this bottleneck aptazymes were screened directly in the in vivo 

system. The first in vivo screening was developed in bacteria to find a theophylline-

dependent aptazyme implemented in the 5´-UTR of a mRNA127. A HHR type 1 motif 

from Schistosoma mansoni120 was fused to a theophylline aptamer via a randomized 

communication module. Gene expression was turned off in response to the ligand. 
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Screening was carried out in vivo by measuring gene expression levels in direct 

response to present or absent ligand127. The technique could be also transferred for 

screening of aptazymes in mammalian cell lines128, 129. In the last years other 

techniques were developed to be able to screen larger libraries. For higher 

throughput techniques combinations of different selection markers130, motility 

assays (on aptamers)131 or fluorescence-activated cell sorting (FACS) combined 

with next-generation sequencing (NGS)131, 132 were applied. 

Until now, a range of different aptazymes were designed, selected and proved 

to be active in vivo by different techniques. Aptazymes, successfully proved for their 

activity in diverse organisms are listed in Table 1.  

The use of aptazymes make both directions of gene expression controls 

likely. An ON-switch is defined by enhanced gene expression in response to ligand 

binding. OFF-switching occurs by decreased gene expression in response to the 

ligand. Six different aptamers are commonly used for in vivo systems binding to 

theophylline, its derivative 3-methylxanthine, tetracycline, TPP, guanine and 

neomycin73, 76, 79, 82, 90, 133-135. The theophylline- and tetracycline-aptamers were 

selected in vitro79, 82. The neomycin-aptamer was screened from a combined 

procedure of in vitro selection followed by in vivo screening of enriched pools in 

S. cerevisiae134, 135. However, the guanine- and the TPP-aptamers derived from 

naturally occurring riboswitches73, 76, 133. In bacteria active aptazymes were 

screened in vivo with HHR motifs and the env-9 twister ribozyme connected to 

theophylline- and the TPP-aptamers60, 127, 136, 137. In S. cerevisiae switching by 

neomycin turned out to be very suitable132, 137, 138, but also theophylline- and 

tetracycline-dependent aptazymes were established138. In mammalian cell lines 

different types of HHRs and the HDV ribozyme have been successfully fused with 

aptamers to aptazymes. Currently, theophylline, guanine and tetracycline are 

possible ligands in mammalian cell systems67, 126, 128, 129, 139, 140. The theophylline-

dependent HHR type 1 aptazyme was intensely studied and proved to be active in 

different variations and positions in bacteria, S. cerevisiae and mammalian cell 

lines67, 127, 128, 130. It could be also proved to be active in plants (unpublished 

results141).  
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Table 1| Summary of aptazymes proved in vivo.  

aptazyme combination proof of principle in vivo 

aptamer ribozyme organism position switch 

theophylline79 

(3-methylxanthine) 

HHR type 1120 E. coli 5´-UTR127 ON 

S. cerevisiae 3´-UTR138 OFF 

mammalian cell line 5´-UTR128, 3´-UTR,  

5´3´-UTR 67 

OFF 

A. thaliana 3´-UTR, 5´-UTR,  

5´3´-UTR 141 

OFF 

HHR type 3120 S. cerevisiae 3´-UTR61, 132 ON/OFF 

E. coli 3´-UTR136 OFF 

HDV142 mammalian cell line 3´-UTR129 OFF 

env-9 Tw P329 E. coli 5´-UTR137  ON/OFF 

3´-UTR143 OFF 

tetracycline82, 90 HHR type 1120 mammalian cell line 3´-UTR, 5´-UTR,  

5´3´-UTR 126, 139 

ON/OFF 

HHR type 3120 S. cerevisiae 3´-UTR125, 132 ON 

guanine133 HHR type 1120 mammalian cell line 3´-UTR139, 140 OFF 

HDV142 mammalian cell line 3´-UTR129 OFF 

TPP73, 76 HHR type 1120 E. coli 5´-UTR60 ON/OFF 

env-9 Tw P329 E. coli 5´-UTR137 ON/OFF 

3´-UTR143 OFF 

neomycin134, 135 HHR type 3120 S. cerevisiae 3´-UTR132, 138 ON/OFF 

env-9 Tw P329 S. cerevisiae 3´-UTR137 OFF 

Aptazymes for conditional gene expression in prokaryotes 

Different designs of aptazyme-mediated gene expression are known in prokaryotic 

systems. Five mechanisms of aptazyme-mediated control of gene expression are 

described.  

The first prokaryotic design from 2002 is based on theophylline-dependent 

group I introns controlling a splicing reaction in E. coli117. The aptazyme was cloned 

into an interrupted thymidylate synthase gene in place of the parental thymidylate 

synthase self-splicing intron in an E. coli strain lacking a functional thymidylate 

synthase gene and with thymidine auxotrophy. E. coli only grew on media lacking 



 
   29 
 

thymidine in presence of theophylline117. Group I intron self-splicing was activated 

by theophylline resulting in a functional thymidylate synthase gene.  

In 2007 the RBS-masking design was presented121. A theophylline-

dependent minimal HHR was implemented into the 5´-UTR of a reporter gene 

sequestering the RBS. Binding of theophylline to the aptamer causes a 

conformational change and stabilization of the catalytic core of the ribozyme. Self-

cleavage of the ribozyme liberated the RBS and translation is initiated (Figure 11a). 

This mechanism was demonstrated to be active in bacterial cell extract121 and in a 

cascading system in E. coli122. After discovery of the important tertiary interactions 

within the HHR motifs leading to faster self-cleavage of the ribozyme the design was 

remade. With a new in vivo screening method, a theophylline-dependent fast-

cleaving HHR was established127. A TPP-dependent aptazyme was developed with 

the same method60. In bacteria it is more common to use the 5´-UTR for screening 

of new aptazyme variants.  

However, aptazymes can be also used to cleave bacterial mRNA in the 3´-UTR. 

An aptazyme was inserted into the 3´-UTR to regulate the expression of -lactamase 

through theophylline–aptamer interactions, which reduced antibiotic resistance of 

the engineered bacteria136. Changes in gene expression levels were observable. 

Nevertheless, no detailed explanations of regulation were made. It is known that 

long base-paired regions within the 3´-UTR like terminator stem-loop structures 

protect mRNA from degradation. Cleavage of similar structures could explain 

downregulation of gene expression facilitated by 3´-exonucleases144 and 

degradation of the mRNA145. Recently, different twister ribozymes were 

implemented into the 3´-UTR of a reporter system in E. coli143. Motifs of varying stem 

length and cleavage sites were investigated showing a huge variance in gene 

expression control. The analyzed twister ribozymes showed motif-specific 

structural features and mRNA stabilization properties of the secondary structures 

that remain on the 3´-UTR after ribozyme cleavage143. New theophylline- and TPP-

mediated twister-based aptazymes were developed that actively cleave the 3´-UTR 

and thereby remove a protective intrinsic terminator (Figure 11b)143.  

Alternative to mRNA control, aptazymes were established to control tRNA 

function135, 146. The aptazyme was coupled to a suppressor tRNA in a way that the 

typical clover leaf secondary structure is not able to fold in the case of an inactive 



 
30 
 

ribozyme146. Binding of the ligand causes a release and aminoacylation of the tRNA. 

Gene expression can be controlled by activation of an amber suppressor tRNA if an 

amber stop codon is placed into the gene of interest. This principle of tRNA control 

could be applied to regulate posttranscriptional incorporation of two distinct amino 

acids during translation147. Two different aptazyme-tRNA constructs were designed, 

an alanine amber-suppressor tRNA under control of a theophylline-aptazyme and a 

serine amber-suppressor tRNA under control of a TPP-aptazyme. Addition of one 

ligand activated the respective tRNA. Two different proteins can be synthesized 

within E. coli147. So-called Boolean logic computation was generated by combining 

5´-UTR aptazyme-mediated RBS-masking and aptazyme-mediated control of tRNA 

function64.  

The fifth mechanism of aptazymes could be used to control the integrity of 

the 16S rRNA in E. coli148. TPP-aptazymes were inserted at several positions of the 

orthogonalized 16S rRNA. By ligand addition, HHR cleavage caused degradation of 

the small ribosomal subunit. 

 

 
Figure 11| Aptazyme-mediated gene expression control in bacteria. (a) Aptazyme inserted into the 5´-UTR of a 
gene of interest (goi) masking the ribosome binding site (RBS) site in absence of a ligand. Binding to the ligand 
via the aptamer domain causes a conformational change in the catalytic core of the ribozyme (Rz) leading to 
cleavage of the mRNA and liberation of the RBS site. Translation can be initiated. The presented mechanism 
corresponds to an OFF-switch. Translation initiation in absence of the ligand corresponds to an ON-switch. (b) 
The aptazyme is inserted into the 3´-UTR of a gene of interest (goi) upon ligand addition the ribozyme is 
activated. Cleavage of the mRNA removes a protective intrinsic terminator and gene expression is decreased. 
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A recent example to control systems in E. coli should be highlighted, the twister 

based aptazymes. The in 2013 discovered twister ribozyme turned out to be a highly 

versatile RNA element for conditional gene expression controlled in a ligand-

dependent manner137. ON- and OFF-switches were established by the 5´-UTR 

aptazyme-mediated RBS-masking mechanism137. Thereby insertion of the aptazyme 

sequence did not affect the general mRNA stability. OFF-switches could be also 

generated by aptazyme insertion into the 3´-UTR143. While for the HHR motifs the 

stem 1 and 2 interaction showed a limitation for the attachment of aptamer 

domains, the twister ribozyme has a flexible expression platform with at least two 

attachment sites for the connection to an aptamer domain. HHR-based aptazymes 

could serve only in combination of two distinct aptazymes controlling translation 

initiation of mRNA and amber suppression of tRNA to generate so-called Boolean 

logics in E. coli64. The twister ribozyme seemed better suited for such complex 

genetic control systems. Compact two-input genetic switches that sense and 

respond to two small molecular signals at once were designed137. Flow cytometric 

analysis and change of the reporter system could demonstrate their robustness in 

bulk measurements and on single cell level. Different logic gates were demonstrated 

in response to TPP- or theophylline-binding when inserted into the 5´-UTR of the E. 

coli137. The twister ribozyme was constructed for its ligand-responsive behavior 

when fused to theophylline- or TPP-aptamer in E. coli. A neomycin-dependent 

twister aptazyme was active in S. cerevisiae 137. 

Aptazymes for conditional gene expression in eukaryotes 

In eukaryotes no naturally occurring riboswitches controlled by ribozymes have 

been found so far. However, it was demonstrated that ribozymes like the HHR 

constitutively cleave in mammalian cell system and therefore control gene 

expression120.  

Ribozymes actively regulate gene expression at both positions to the reporter 

gene, inserted into the 5´-UTR and the 3´-UTR. Mechanistically, cleavage of the 

ribozyme leads to degradation of the mRNA due to removal of the stabilizing 5´-cap 

when inserted into the 5´-UTR or removal of the poly(A) structure when inserted 

into the 3´-UTR (Figure 12). Therefore, mRNA is destabilized possibly due to 
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disturbed assembly of translation initiation factors. Further, de-adenylated mRNAs 

are rapidly degraded by the cytoplasmic exosome149. An extended HHR responsive 

to an effector showed in vivo activity in mice injected with adeno-associated virus 

(AAV) carrying a ribozyme-controlled transcription unit120. Further examples were 

reported for genetic control in eukaryotic systems achieved by aptazymes when 

inserted into the 5´-UTR126, 128, 139, 141 or the 3´-UTR61, 67, 125, 126, 129, 132, 138-140, 143 of a 

given mRNA. 

In 2007, the first reported aptazyme based on a HHR type 3 was implemented 

into the 3´-UTR of a S. cerevisiae reporter system61. It was fused to a theophylline-

aptamer selected by modular rational design. In 2009 an active HHR type 1-based 

OFF-switching aptazyme was selected by screening and rational design when 

inserted into the 5´-UTR of a reporter gene in mammalian cell line (Figure 12a)128. 

The theophylline-dependent aptazyme was further investigated for gene expression 

control when inserted into the 3´-UTR or also in both sides, the 5´-UTR and 3´-UTR67. 

Insertion of aptazymes into the 5´-UTR can cause steric hindrance due to their RNA 

structure and therefore can influence gene expression already in the absence of a 

ligand125. Therefore, most applications of aptazymes in eukaryotic systems target 

the 3´-UTR where gene expression is less influenced by the inserted RNA structures.  

The tetracycline-dependent aptazyme developed by the Suess group is based 

on a full-length type 3 HHR (N79) derived from S. mansoni120, 125, 126. It was first 

developed for gene expression control in S. cerevisiae by in vitro selection of a 

functional communication module125. HHR cleavage should be modulated by a novel 

ON-switch design influencing the tertiary interactions between stems 1 and 2 

(Figure 12b). Tetracycline concentrations of 1 µM were sufficient to switch on gene 

expression125. This tetracycline-dependent ON-switch could not be transferred to 

mammalian cell lines. However, active tetracycline-dependent aptazymes could be 

selected within mammalian cells with the same ON-design strategy126. Sufficient 

switching was achieved when genomically inserted into mammalian cell line in 

response to 50 µM tetracycline126.  

The Zhong group showed that an alternative rational design with the 

tetracycline-aptamer90 leads to OFF-switches when utilizing the HHR type 1 from 

S. mansoni (Figure 12b)120, 139. The aptamer is fused via stem 3 to the ribozyme. This 

design was shown before to result in OFF-switches in mammalian cells128. The used 
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tetracycline-aptamer was fused to the ribozyme in two ways. The tetracycline-

aptamer comprises three stems P1, P2 and P3. In the first design they fused the 

tetracycline-aptamer by a randomized stem P1 to the ribozyme. In the second 

approach they fused the aptamer by a randomized stem P2 to the ribozyme139. The 

group achieved best results with the second approach and additional showed 

efficient gene expression control in mice by AAV-transfection139. 

Alternative to the mentioned gene expression control strategies in 

eukaryotes, strategies for conditional RNA interference mediated by a theophylline-

dependent aptazyme were designed150, 151. Ribozyme cleavage controls the release 

of a pri-miRNA which is further processed by Drosha and Dicer. The strategy was 

further applied to regulate gene expression in cis and trans by a guanine 

aptazyme140.  

 

 
Figure 12| Aptazyme-mediated gene expression control in eukaryotes. OFF-switching and ON-switching 
designs were established. (a) An aptazyme with ligand (gray)-binding aptamer domain (gray) is inserted into 
the 5´-UTR of a gene of interest (goi). In response to the ligand conformational changes leads to stabilization of 
the catalytic core. The ribozyme is activated, cleaves and the transcript is degraded. Only OFF-switches are 
reported of aptazymes inserted into the 5´-UTR. (b) ON- and OFF-switches are reported for aptazymes inserted 
into the 3´-UTR of a goi. In the case of ON-switching the ribozyme is stabilized in its active state without addition 
of the ligand. The ribozyme constitutively cleaves mRNA leading to degradation of the transcript and 
downregulation of gene expression. Binding of a ligand to the aptamer domain and associated conformational 
changes destabilize the catalytic core and the ribozyme is inactivated.  
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Many aptazymes have been successfully developed in mammalian cells67, 126, 128, 139, 

140, 152 and in S. cerevisiae61, 125, 132, 138, 153. Although both are eukaryotic systems, it 

has been realized that switches selected for gene expression control in S. cerevisiae 

are not necessarily transferable into the context of mammalian cell lines125, 126. The 

parameters for transferability of aptazymes from one to another organism are not 

fully understood. A recent example showed that the theophylline-dependent 

aptazyme developed in mammalian cells is transferable into plants (unpublished 

results141).  

Generally, only few examples of applied aptazyme-mediated gene expression 

control are known so far. The strategy of eukaryotic gene expression control was 

applied to generate a cell-intrinsic control system for cytokine production utilizing 

ribozyme ON-switches in mouse and human cell lines 154. The proliferative cytokine 

(IL-2) was under control of a theophylline- or tetracycline-dependent aptazyme 

regulating T-cell proliferation. The system was analyzed in mice by clonal mouse cell 

infection154. Further, drug-responsive cell cycle arrest was demonstrated by 

utilizing aptazymes155. Up to ~80 % of a cellular population could be shown to be 

inducible or reversible arrested in a chosen phase of the cell cycle155. In 2014 the 

first report of aptazymes was published for replication control of human-pathogenic 

viruses and of their function in fully cytoplasmic (virus) systems66. It was 

demonstrated that a theophylline-dependent HHR type 1 aptazyme can knockdown 

expression of an adeno-(DNA) virus early and a measles (RNA) virus structural gene 

inhibiting viral genome replication and infectivity, respectively66. Another approach 

underlined the possibility to regulate virus replication by a theophylline-dependent 

aptazyme156.  

In conclusion, artificial aptazymes show a high potential for gene expression 

control in higher organisms. Conditional control of gene expression by small 

molecule-dependent ribozymes flourished over the last years. Different proof-of-

principle studies have been published since the first in vitro designs in the 1990s107, 

109. The gain of knowledge of these experiments currently support aptazymes on 

their way to universally applicable tools to regulate and study gene functions in 

diverse organisms. The lack of convenient methods for conditional gene expression 

control in different organisms opens a great opportunity for aptazymes to further 

unfold their potential. 
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Chapter 2 

Hammerhead ribozymes affecting 
gene expression in a highly motif and 
organism-dependent manner 

Introduction 

Among all introduced small-self-cleaving ribozyme motifs, the hammerhead 

ribozyme (HHR) is the most intensely studied ribozyme. The HHR structure comprises a Y -shape defined by three stems, with stems 1 and 2 interacting with 

a distal tertiary contact that promotes fast-cleaving mechanisms due to stabilization 

of the conformation of the active site41, 42, 157. A transesterification reaction is 

catalyzed resulting in a 5´-product carrying a terminal 2´-3´-cyclic phosphate and a 

3´-product with a free terminal 5´-hydroxyl group24. Three different topologies of 

HHRs can be distinguished, depending and named by which one of the three stems 

connects the HHR to the RNA backbone. 

Recently more than 10,000 HHR motifs have been discovered by 

bioinformatics analysis in genomic sequences distributed across all kingdoms of 

life40, 46-49, 55. Generally, HHR motifs have been identified in different locations of the 

host genomes. Eukaryotic type 1 and 3 motifs are frequently found within tandem 

repeats, in introns, but also in intergenic regions and in mammals especially in 3´-

UTRs of mRNAs45, 48. Bacterial HHR motifs of type 1 and 3 are often related to 

bacteriophage sequences and located in intergenic regions40, 47. Although the 

occurrence in genomes, structural aspects, and the cleavage mechanism of the 

hammerhead ribozyme are well described, the function of these catalytic RNAs in 

their natural contexts is less well understood12. 

In addition to their occurrence in nature, ribozymes have been utilized 

frequently for biotechnological tasks. For example, when coupled with an aptamer 
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via a so-called communication module, ligand-dependent ribozymes have been 

engineered112. Such aptazymes have been used as versatile tools in synthetic 

biology. Aptazymes have been successfully developed in mammalian cells66, 120, 126, 

128, 139, 140, 152 and in S. cerevisiae61, 125, 132, 138, 153. In bacterial121, 127, 158 systems, 

aptazymes were based on a RBS-masking structure if positioned in the 5´-UTR60, 63, 

159. Only few examples of ribozyme control have been designed that function by 

insertion into bacterial 3´-UTRs136, 143.  

Synthetic aptazymes that were constructed in vitro have been shown to 

perform weakly in vivo118. To overcome this potential bottleneck, in vivo screening 

methods have been established for E. coli127, S. cerevisiae132, 138 and mammalian cell 

lines128, 129. Many of the applications developed so far aim at ribozyme-based control 

of gene expression in mammalian cells. However, the screening throughput is 

especially low in these cells. This prompted attempts to screen novel ribozyme 

switches in microorganisms such as E. coli and S. cerevisiae with the intention to 

later transfer functional switches into mammalian contexts. Although there are 

successful examples of such transfer approaches160, in many cases the 

implementation in different genetic contexts was not successful125, 127, 128. Apart 

from ligand-dependent aptazymes, naturally occurring constitutively active 

ribozymes already show some variability regarding the effect of mRNA cleavage on 

gene expression, depending on the topology and the genetic system138. For the 

establishment of strategies and designs allowing genetic control via aptazymes in 

diverse organisms, aptazymes that were developed in a specific organism need to 

be optimized in the communication module or the position of the aptazyme within 

the mRNA. However, due to little experience regarding the transferability of such 

regulatory elements, there is a need to investigate the effects of naturally occurring 

ribozymes of different topologies and from different sources in prokaryotic and 

eukaryotic genetic model systems. 

The following section focuses on ribozymes in intergenic regions. A diverse 

selection of eight naturally occurring HHR motifs identified in intergenic regions 

was characterized. In vitro cleavage activities were compared with the influences on 

gene expression in vivo. Examples of all three topological types of HHR motifs 

occurring in nature were included. The influence of the HHR motifs was analyzed on 

gene expression in a prokaryotic (E. coli) system. To gain insight into the 
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transferability of different motifs the results were further compared with the 

influence of the HHR motifs in eukaryotic gene expression systems. The eukaryotic 

expression systems have been analyzed by the examples of mammalian cell line and 

S. cerevisiae in the doctoral thesis of B. Klauser161. The data of eukaryotic systems 

are shortly picked up in a last section of the results part for better understanding of 

the following discussion about ribozyme-mediated effects including the comparison 

of all three genetic systems (mammalian cell line, S. cerevisiae and E. coli). Our 

characterization reveals unexpected features of distinct HHR motifs when analyzed 

within bacterial, S. cerevisiae and mammalian cellular systems. The present 

investigation demonstrates a highly motif- and organism-specific influence of 

ribozyme cleavage on gene expression that needs to be taken into consideration 

when constructing ribozyme switches of gene expression based on new HHR motifs. 

Results 

The representative hammerhead ribozyme motifs 

For the in vitro and in vivo characterization of different hammerhead ribozyme 

motifs, the eight different, naturally occurring HHR sequences were utilized which 

have been used also in eukaryotic systems before (Figure 13 and Appendix A 

Table 21)161. Cis-acting HHR motifs of all three circularly permutated topologies 

were chosen that are predicted to be fast-cleaving due to consensus cleavage sites 

and the predicted presence of a tertiary interaction between stems 1 and 2. The 

selected HHR motifs were identified in intergenic regions (for the surrounding 

genetic contexts of the chosen motifs see Appendix A Table 22). The mouse gut 

metagenome HHR40 and the fungus Yarrowia lipolytica HHR motifs40 are 

representatives of the type 1 HHR topology (Figure 13a). The type 2 HHR motifs 

(Figure 13b) originate from Roseburia intestinalis (Clostridia, gram-positive 

bacteria)49 and sewage microbiome sequencing data46 (SewR3-00810s-1). The 

representatives of the type 3 HHR motif (Figure 13c) were identified in the satellite 

Lucerne Transient Streak Virus (-)38 (sLTSV(-)), the Chrysanthemum Chlorotic 

Mottle Viroid (-)162 (CChMVd(-)), Arabidopsis thaliana163 and in marine 
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metagenome sequences40. The selected representatives of the HHR motif originate 

from diverse taxa including eukaryotic, bacterial and viral species. 

 
Figure 13| Representative cis-acting hammerhead ribozyme motifs of all three circularly permutated 
topologies: (a) type 1 HHR motifs (b), type 2 HHR motifs and (c) type 3 HHR motifs. Sequences and secondary 
structures are depicted. All are predicted to be fast-cleaving due to consensus cleavage sites and the predicted 
presence of a tertiary interaction between stems 1 and 2 highlighted in gray. The cleavage site is marked by an 
arrowhead. A single A to G mutation (blue box) results in a catalytically inactive variant of the HHR motifs used 
for in vitro and in vivo comparative studies. 

Hammerhead ribozyme cleavage kinetics 

According to our knowledge, neither in vitro cleavage kinetics nor in vivo studies 

have been available for mouse gut metagenome, Y. lipolytica, R. intestinalis and 

marine metagenome HHR motifs before the present studies. However, for some of 

the selected motifs cleavage reactions have been investigated before under various 

experimental conditions46, 157, 163, 164. In cis-cleaving versions of the ribozymes were 

isolated to assess the cleavage activity of the naturally occurring sequences under 

comparable conditions (Appendix A Table 20). In vitro kinetics were carried out 

by observing the reaction of the in-cis-cleaving HHR motifs during the transcription 

process as described earlier165. Co-transcriptional cleavage activity was determined 

in the presence of 6 mM Mg2+ at 25°C. Aliquots of the reaction mixes were taken at 

various time points. In Figure 14 the kinetics of the catalytically active and inactive  
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Figure 14| Ribozyme cleavage kinetics of intramolecular HHR motifs. In vitro cleavage kinetics for the 
investigated HHR motifs (a-h) determined during in vitro transcription. Full-length transcript (L) and cleaved 
transcript (S) with normalization (*) to A-residues within the transcript which are visualized via 32P-imaging. 
The data were fit using mono-exponential fit, kobs [min-1] was calculated (Table 2). Error bars represent 
experimental triplicates. 
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HHR motifs are shown by plotting L/(L+S*) as a function of time, where L is the 

concentration of full-length transcript and S* is the concentration of cleaved 

transcript normalized (*) to labeled A-residues within the transcript. Qualitative 

differences are visualized between active and inactive ribozymes and between the 

different motifs along the courses of time. Very high cleavage activity were noted for 

the type 1 HHR motifs mouse gut metagenome and Y. lipolytica and the type 3 HHR 

motifs sLTSV(-) and CChMVd(-) (Figure 14). 

For quantitative comparison the kinetic traces were fitted to equation (1) for 

the described case that the full-length transcript is an intermediate in a two-step 

reaction by first transcription and following cleavage165: 𝑦 = 𝑦 + 𝐴 × 𝑒 𝑥⁄   (1) 

The fitting parameters and the goodness-of fits are shown in Table 2. The rate 

constants (kobs values) are depicted in Figure 15. The four above mentioned motifs 

of the mouse gut metagenome, Y. lipolytica and the type 3 HHR motifs sLTSV(-) and 

CChMVd(-) cleave with kobs values of at least 1 min-1 and up to 10 min-1. The motifs 

of SewR3-00810s-1, A. thaliana and marine metagenome showed much slower co-

transcriptional cleavage kobs values below 0.2 min-1. In contrast, no cleavage rate 

constant could be determined for the R. intestinalis HHR motif (Figure 14, Figure 

15 and Table 2). Here, only 10% of the transcript was co-transcriptionally cleaved 

(Table 2, Figure 14).  

 

Table 2| Fitting parameters of the ribozyme cleavage kinetics. In vitro cleavage rate constants, kobs [min-1] for 
the investigated HHR motifs were determined co-transcriptionally (for details, see Material and Methods). The 
fraction of cleaved product [%] was determined after 30 min. ND: kobs not determinable owing to low cleavage 
activity. R-squared [COD, R2] statistics describe the goodness-of-fits. 

HHR motif cleaved 30 min [%] kobs [min-1] R2 

Mouse gut metagenome 97.33 8.74 0.96 

Y. lipolytica 97.96 1.55 0.96 

R. intestinalis 10.61 ND ND 

SewR3-00810s-1 58.90 0.21 0.96 

sLTSV (-) 83.32 10.15 0.98 

CChMVd (-) 95.54 0.95 0.99 

A. thaliana 69.93 0.11 0.99 

Marine metagenome 82.45 0.11 0.98 
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Figure 15| In vitro cleavage rate constants of intramolecular HHR motif representatives. Cleavage kinetics for 
the investigated HHR motifs were determined co-transcriptionally in the presence of 6 mM Mg2+. For the HHR 
motif R. intestinalis, a kobs value could not be calculated owing to low cleavage extent (Figure 14, Table 2). For 
more detail see Materials and Methods. 

Insertion of HHR sequences into mRNAs for investigating effects on gene 

expression  

To analyze the impact of the cleavage reaction of different ribozyme motifs on gene 

expression, the eight motifs were inserted into mRNAs of interest. Different genetic 

systems can be compared by characterization of reporter gene expression 

influenced by ribozymes inserted either into the 3´-UTR or 5´-UTR of the reporter. 

A well-characterized plasmid-based gene expression construct was utilized as 

reporter system. The position of the active or inactive HHR variant inserted are 

depicted in Figure 16 and Figure 19 and are described in the Materials and 

Methods. The influence of the cleavage reaction on gene expression was assessed by 

comparing the gene expression levels of reporter genes containing a catalytically 

active HHR motif compared to the catalytically inactive HHR variant of the same 

sequence. The inactive variant is achieved by the same sequence, but with a single 

A to G point mutation in the catalytic core of the HHR. A control for each reporter 

system in which no ribozyme sequence was inserted was included to assess the 

effect of inserting additional sequences into the respective mRNA.  
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Ribozyme-mediated effects on gene expression in E. coli 

To investigate the influence of ribozyme cleavage on gene expression in bacteria, the 

HHR motifs were inserted into the 3´-UTR or 5´-UTR of an enhanced green 

fluorescence protein (eGFP) reporter gene that was expressed in E. coli under 

control of a constitutive promoter (Figure 16, Figure 17, further described in 

Material and Methods). 

Although little is studied so far, active ribozymes inserted into 3´-UTRs as 

part of aptazyme strategies were shown to be able to decrease gene expression136, 

143. When active HHR motifs were inserted into the 3´-UTR of the reporter gene, at 

least some reduction in gene expression compared to the inactive variants was 

noted (Figure 16b). However, a substantial influence on protein expression was 

only observed for the inserted active HHR motifs sLTSV(-) (2.1-fold) and CChMVd(-) 

(3.0-fold) (Figure 16c).  
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Figure 16| Analysis of the influence of HHR-mediated mRNA cleavage in the 3´-UTR of a reporter gene in E. coli. 
The reporter gene is under control of a constitutive promoter (P) from the Anderson collection and the E. coli 
rrnB terminator (T). (a) Illustration of the gene expression construct for the in vivo study of ribozyme effects in 
E. coli. eGFP expression is controlled by the insertion of the active or inactive HHR motif into the 3´-UTR of eGFP. 
(b) Cultures of the E. coli TOP10 strain were grown at 37°C overnight and eGFP expression was determined in 
the outgrown cultures (20 h). Black bars: reporter gene containing catalytically active HHRs; gray bars: reporter 
gene with catalytically inactive HHR. Ctrl: Parental expression construct lacking ribozyme sequences. eGFP 
expression was normalized to OD600 and an equally treated culture which did not express eGFP was used to 
subtract background. Error bars represent the standard deviation of experiments performed in expression state. 
(c) Fold changes in gene expression levels calculated as the ratio of the inactive divided by the active expression 
state. Error bars represent the propagation of uncertainty of three biological replicates. 

The influence of all motifs on GFP expression was further characterized by flow 

cytometry (FC). 10,000 cells per culture-sample were analyzed to determine the 

influence of the HHR motifs on single-cell level and to control uniformity of the 

cultures. GFP expression controls were included for the gaiting procedure shown in 

Figure 17a. An E. coli culture without expressing GFP (background, GFP negative 

control) was tested against an E. coli culture expressing solely GFP (GFP positive 

control). For gating, side scatter (SSC) and forward scatter (FSC) were analyzed. 
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Looking at the GFP fluorescence a univariate histogram without overlaps of the 

control populations was given (Figure 17a). The same gate was applied to all 

samples. Single cell level analysis confirmed that only the active HHR motifs 

sLTSV(-) and CChMVd(-) inserted into the 3´-UTR of GFP showed effects on protein 

expression compared to their inactive variants (Figure 17b). 

 

 

Figure 17| Comparative flow cytometric single-cell analysis to study uniformity of bacterial populations under 
influence of inserted HHR motif constructs. Cultures of the E. coli TOP10 strain were grown at 37°C and Flow 
cytometric single-cell analysis was performed for (a) controls with and without eGFP for gating, (b) 3´-UTR and 
(c) 5´-UTR insertions. One replicate of an active HHR construct (black) and one of the inactive HHR construct 
(grey) are depicted as representatives for the biological replicates run in at least triplicates. Number of events 
in % are plotted against GFP intensity. 
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Since the 3´-UTR as a site of ribozyme cleavage has not been investigated in much 

detail before, the cause of the reduction was further analyzed. Cleavage of the mRNA 

in the 3´-UTR could result in a reduced half-life due to an increase in mRNA 

degradation as has been shown before for the twister ribozyme143. mRNA levels 

were analyzed by quantitative real-time PCR (qPCR) (Figure 18). The ssrA gene was 

used as internal reference. Primer efficiencies and specificities were tested within 

dilution rows of cDNA templates (Appendix A Figure 34) and calculated according 

to the equation (2) displaying doubling of RNA.  𝐸 =  [− 𝑙 𝑒]⁄   (2) 

RNA levels can be calculated with the value at which the threshold of amplification 

is crossed (Cq) and the ddCq algorithm. Significance was tested with unpaired t-test 

two-tailed using dCt values of normalized RNA levels of constructs with an active 

HHR motif compared to dCq values of normalized RNA levels of constructs with an 

inactive HHR motif. The computed values could be classified as not significant (ns) 

as p  0.05 or significant as p < 0.05 (*) and p < 0.01 (***) (Figure 18a, c). mRNA 

level analysis of the 3´-UTR constructs resulted in down-regulation of mRNA 

transcripts of the sLTSV(-) HHR-containing construct by 2-fold and of the 

CChMVd(-) HHR-containing construct by 1.7-fold (Figure 18b). This fitted well with 

the observed reduction in reporter gene activity, suggesting destabilization of these 

mRNA constructs by ribozyme-mediated cleavage. The mouse gut metagenome-

derived HHR displayed a 1.6-fold up-regulation of RNA levels. However, eGFP 

expression levels in bulk measurements and FC analysis did not change (Figure 16 

and Figure 17b). 
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Figure 18| Quantification of relative mRNA levels of selected HHR motifs. Cultures of the E. coli strain were 
grown at 37°C until OD600 of 1.2. Transcript levels of eGFP were determined by qRT-PCR using RNA purified 
from these cultures. mRNA levels were calculated by the ddCq algorithm (see Materials and Methods for details). 
Normalized mRNA levels (a) and fold changes (b) calculated as the ratio of expression state for constructs with 
inactive versus active HHR motifs of representatives of HHR motifs inserted into the 3´-UTR of E. coli reporter 
system. Normalized mRNA levels (c) and fold changes (d) calculated as the ratio of expression state for 
constructs with active versus inactive HHR motifs of representatives of HHR motifs inserted into the 5´-UTR of 
E. coli reporter system. (a, c) Black bars: reporter gene containing catalytically active HHRs, gray bars: reporter 
gene with catalytically inactive HHR. Error bars represent the standard deviation of experiments performed in 
technical triplicates of biological triplicates. Significance was tested with unpaired t-test two-tailed with not 
significant (ns), p < 0.05 (*) and p < 0.01 (***). (b, d) calculated from a and c. 

Next, the influence of the ribozyme motifs was assessed when inserted into the 5´-

UTR of the E. coli reporter gene. Each motif was inserted upstream of the ribosome 

binding site without apparent interaction with the SD region (Figure 19a).  
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Figure 19| Analysis of the influence of HHR-mediated mRNA cleavage in the 5´-UTR of a reporter gene in E. coli. 
The reporter gene is under control of a constitutive promoter (P) from the Anderson collection and the E. coli 
rrnB terminator (T). (a) Illustration of the gene expression construct for the in vivo study of ribozyme effects in 
E. coli. eGFP expression is controlled by the insertion of the active or inactive HHR motif into the 5´-UTR of eGFP 
upstream of the ribosome binding site (SD). (b) Cultures of the E. coli TOP10 strain were grown at 37°C overnight 
(20 h) and eGFP expression was determined in these outgrown cultures. Black bars: reporter gene containing 
catalytically active HHRs; gray bars: reporter gene with catalytically inactive HHR. Ctrl: Parental expression 
construct lacking ribozyme sequences. eGFP expression was normalized to OD600 and an equally treated culture 
which did not express eGFP was used to subtract background. Error bars represent the standard deviation of 
experiments performed in biological triplicates. (c) Fold changes in gene expression levels calculated as the ratio 
of the active divided by the inactive expression state. Error bars represent the propagation of uncertainty of 
three biological replicates. 

In contrast to the genetic context when inserted into the 3´-UTR above, in several 

cases the insertion of the inactive HHR motif variants into the 5´-UTR already 

reduced gene expression significantly compared to the control (Figure 19b). This 

shows that the insertion of the different motifs itself already influenced gene 

expression in a highly sequence-dependent manner. In contrast to the observations 

in the 3´-UTR, insertion of active HHR motifs in several cases activated gene 

expression compared to the inactive versions. Flow cytometry single-cell 
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fluorescence analysis showed similar tendencies compared to the bulk 

measurements (Figure 17c). With up to 7-fold increased gene expression levels 

measured in bulk, the active SewR3-00810s-1 type 2 HHR motif shows the highest 

influence in this context (Figure 19c). Also, the mouse gut metagenome type 1 HHR 

motif increased gene expression 2.4-fold.  

Analysis of transcript abundancy confirmed this, revealing a 3.1-fold increase in 

mRNA levels for the active SewR3-00810s-1 HHR motif and a 4.6-fold increase for 

the mouse gut metagenome HHR motif (Figure 18c, d). This finding suggests a 

stabilizing effect on the mRNA by the SewR3-00810s-1, mouse gut MG and 

CChMVd(-) HHR motifs in the 5´-UTR position. This effect could be explained by the 

generation of the free 5´-hydroxyl-functionality of the mRNA. It has been shown 

previously that such mRNAs are more stable compared to their 5´-phosphorylated 

or triphosphorylated counterparts, see discussion for details 144, 166, 167. In contrast, 

only the three active HHR motifs from Y. lipolytica, R. intestinalis and sLTSV(-) 

reduced expression relative to their inactive variants when measured in bulk. The 

R. intestinalis and Y. lipolytica HHR motifs showed a 2.4-fold and 1.7-fold decreased 

expression for the inactive HHR versus the active version, however, no correlation 

of mRNA abundancy and gene expression was observed (Figure 18d, Figure 19c), 

suggesting a mechanism different from influencing RNA levels. Only for the sLTSV(-) 

HHR motif, 2-fold down-regulation of reporter gene activity in the bulk 

measurement correlated with a 4.6-fold decrease in RNA levels (Figure 18d, Figure 

19d). 

Ribozyme-mediated effects on gene expression in eukaryotic system 

In previous studies the same HHR motifs have been investigated in the context of 

the two eukaryotic expression systems of S. cerevisiae and mammalian cell line161. 

Both systems are illustrated in Figure 20 with the HHR motifs inserted into the 3´-

UTR of the respective reporter gene (see161 for more details). 
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Figure 20| Illustration of gene expression constructs for in vivo studies of ribozyme effects with promoter (P) 
and termination (T) sequences in (a) a HeLa S3 cell line, (b) S. cerevisiae. (a) The active and inactive HHR motifs 
were inserted into the 3´-UTR of a Renilla luciferase reporter gene (hRluc) encoded on the psi-CHECK2 vector. 
The ribozyme-independent expression of Firefly luciferase (hLuc+) from the same plasmid was used for 
normalization of hRluc reporter gene expression. (b) HHR motifs were inserted into the 3´-UTR of a plasmid-
encoded Gal4 gene for testing their effect on the expression of a chromosomally encoded LacZ gene under 
control of a Gal4-inducible promoter. Adapted with permission from B. Klauser. For more details see 161. 

The gene expression results in HeLa cells demonstrated that all investigated HHR 

motifs except for R. intestinalis and marine metagenome show at least some 

influence on gene expression by reducing reporter activity in the constructs 

containing the active version of the HHR (Figure 21a, c). A reduction of gene 

expression up to 60-fold compared to the inactive form was performed by the active 

sLTSV(-) type 3 HHR (Figure 21c). The mouse gut metagenome HHR motif reduced 

gene expression by 22-fold. Less reduction of gene expression was measured for the 

active ribozyme constructs of CChMVd(-), SewR3-00810s-1 and Y. lipolytica with 4 to 

6.5 fold. In contrast the A. thaliana HHR only weakly down-regulated expression. Taken 

together, the measured in vitro cleavage activities (Figure 15) seem to approximate well 

the influence of the respective motifs on gene expression as shown before in the 

mammalian gene expression setup and demonstrate that there are significant differences 

in the influence of the diverse tested HHR motifs on mammalian gene expression. 
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Figure 21| Comparative in vivo analysis of ribozymes influencing levels of gene expression in eukaryotic 
reporter systems. Catalytically active and inactive representatives of the HHR motif were inserted into the gene 
expression system and reporter gene expression levels were measured. Black bars: reporter gene controlled by 
catalytically active HHR; grey bar: reporter gene controlled by a catalytically inactive HHR. Ctrl: Parental 
expression construct lacking ribozyme sequences. (a) Gene expression in the HeLa S3 cell line after 18 h of 
transfection and fold changes (b) Gene expression of outgrown (18 h) S. cerevisiae cultured in synthetic 
complete medium at 30°C. Expression was normalized to OD600. An equally treated culture which did not express 
GAL4 was used for luminescence background subtraction. Error bars represent the standard deviation of 
experiments performed in biological triplicates. (c, d) Fold changes in gene expression levels calculated as the 
ratio of the active divided by the inactive expression state. Error bars represent the propagation of uncertainty 
of three biological replicates.  Adapted with permission from B. Klauser. For more details see 161. 

The determination of -galactosidase activity of the S. cerevisiae expression system 

(Figure 21b, d) revealed a > 50-fold reduction of gene expression by the active 

sLTSV(-) and CChMVd(-) HHRs in comparison to their catalytically inactive variants. 

-galactosidase activity was only slightly reduced in case of the A. thaliana HHR 

motif161.  

Concluding the study with HHR motifs in context of eukaryotic expression 

systems, surprisingly, the influence of ribozymes on gene expression is not generally 

comparable between S. cerevisiae and mammalian expression systems. Especially, 
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the fast-cleaving motif from mouse gut metagenome, but also the two moderately 

active sequences from SewR3-00810s-1 and Y. lipolytica showed substantially 

different effects in S. cerevisiae versus HeLa S3 cells. Remarkably was the finding 

that the sequence taken from another yeast species (Yarrowia) is not able to 

influence gene expression in S. cerevisiae at least in the tested context161. 

Discussion 

The catalytic activity and the influence on gene expression of several HHR motifs 

with different topologies was examined within this project. We were interested 

whether any general predictions can be made regarding the transferability of 

ribozymes into different genetic systems or host species. Therefore, all three host 

systems tested, including the S. cerevisiae and mammalian systems161, are compared 

and discussed in detail. 

Surprisingly, it has been found that the latter two systems of S. cerevisiae and 

a human cell line are not well comparable regarding the influence of HHR-mediated 

cleavage within the mRNA161. A remarkable difference of the influence depending 

on the respective motif and the genetic system was found. However, the fast-

cleaving type 3 HHRs [CChMVd(-) and sLTSV(-)] generally tended to cause the 

strongest effects on gene expression when tested in the bacterial, yeast, and human 

3´-UTR contexts. This result is encouraging since it points to the possibility that, 

given a suited motif is utilized, ribozyme-based switches of gene expression could 

be engineered that are characterized by a high degree of transferability. Hence the 

CChMVd(-) and sLTSV(-) motifs are promising candidates for future efforts of 

utilizing HHRs as expression platforms in novel RNA switch designs.  

It has been demonstrated that ribozymes inserted into the 3´-UTR of a 

reporter gene in eukaryotic systems destabilize the transcript by cleaving off the 

stabilizing poly(A) tail120, 168. It was shown elsewhere that after cleavage of the 

poly(A) tail of yeast transcripts, remaining secondary structures could still stabilize 

the transcript169. The exosome, degrading deadenylated mRNA in 3´-5´-direction, 

may be inhibited by secondary structures since non-single-stranded RNA does not 

fit into its catalytic channel170. Accordingly, only type 3 HHR motifs as sLTSV(-) and 
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CChMVd(-) showed strong in vivo effects in the S. cerevisiae system, whereas type 1 

and 2 HHR motifs showed only minor or no effects161. After mRNA processing by 

type 3 HHRs, the bulk of HHR structure is in the 3´-cleavage product and 5´-3´-

celavage products are hold together by stem 3 only (Figure 13c). Stem 3 

dissociation will then release a mRNA processing product with a single-stranded 3´-

end that becomes vulnerable to exonucleolytic degradation. This explanation could 

also explicate the influence of these two motifs on gene expression in the 

mammalian context. However, in the mammalian cell line additional HHR motifs 

show effects on gene expression that are not explained by this mechanism.  

In general, the mRNA half-life should play a crucial role in determining the 

effect of the HHR-based cleavage on gene expression. However, mRNA half-lives 

vary drastically in the studied organisms ranging from hours in human cell lines to 

up to 30 min in yeast and around 2 - 5 min in E. coli171. Extended half-lives would 

increase the probability of HHR motifs to undergo cleavage and thereby affect the 

levels of the respective mRNAs. Such a general tendency is indeed observable when 

comparing the effects of HHR motifs in the 3´-UTRs of the bacterial, S. cerevisiae and 

mammalian expression system. 

Only few examples are published with 3´-UTR inserted aptazymes in 

bacterial systems yet136, 143. The results support the prediction of downregulation of 

gene expression by cleavage of HHR motifs sLTSV(-) and CChMVd(-) inserted into 

the 3´-UTR of gene constructs in the E. coli system. Upon cleavage of the ribozymes 

at the 3´-end, protecting groups like terminator stem-loop structures are cleaved off 

and therefore 3´-exonucleases144 could degrade the mRNA more easily. 

Furthermore, at least for type 3 HHR motifs, its potentially protective secondary 

structures are largely removed upon cis-cleavage (as reasoned above for eukaryotic 

mRNAs), which may facilitate 3´- to 5´-exonucleolytic decay145, 172. Taking also into 

account the possible effect of different mRNA half-lives as discussed above, it seems 

reasonable to assume that in S. cerevisiae and particularly E. coli only the HHR motifs 

with the highest activity will show pronounced effects on gene expression. 

In comparison to the 3´-UTR, results obtained with HHRs inserted into the 5´-

UTR of an E. coli mRNA were much less predictable. This observation fits to reports 

that showed that changes within the 5´-UTR had often unpredicted consequences 

for gene expression173, 174. Nevertheless, the observed influences could in principle 
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be exploited in novel synthetic devices that provide gene expression control. 

Regarding the effect of ribozyme-mediated cleavage, the active HHRs in many cases 

activated gene expression rather than inhibited it. This behavior could be explained 

by a stabilizing effect of generating a non-phosphorylated 5´-end of the mRNA. This 

unusual end is no substrate for RppH144 which usually removes pyrophosphate from 

the 5´-end of triphosphorylated RNA to leave transcripts with a 5´-monophosphate. 

The latter are substrates for RNase E-dependent mRNA degradation144, 166, 167. The 

measured mRNA levels support this hypothesis. Especially the active SewR3-

00810s-1 HHR motif shows high gene expression compared to its inactive variant. 

After cleavage of the SewR3-00810s-1 HHR motif in the 5´-UTR a stable pseudo-

knotted structure will remain at the 5´-end and may have a stabilizing effect on the 

transcript. Although this could be the case for other type 2 HHR motifs as well, the 

R. intestinalis HHR motif does not show such an effect possibly due to its much 

slower cleavage rate. However, to act as switches of gene expression in the 5´-UTR, 

usually ribozymes have been employed in a special setup where they mask the 

Shine-Dalgarno sequence and hence control translation initiation127. Our results 

support the necessity of such special mechanisms for a robust implementation of 

ribozymes into the 5´-UTR of bacterial mRNAs. 

In conclusion, it has been shown that empirical testing of different ribozyme 

motifs is crucial for developing effective RNA devices for the control of gene 

expression in cells and organisms. The data demonstrate highly motif- and host-

specific effects of ribozymes on gene expression. Eight naturally occurring HHRs 

were analyzed in vitro and in vivo, including novel and so-far uncharacterized motifs 

from the R. intestinalis as well as marine metagenome and mouse gut metagenome 

contexts. Notably, HHRs of all three topological types tested can self-cleave in vitro 

and in vivo and influence gene expression in certain genetic setups. However, some 

ribozyme motifs showed profound effects only in some genetic contexts. On the 

other hand, with the CChMVd(-) and sLTSV(-) motifs we identified self-cleaving HHR 

sequences that significantly influenced gene expression in all tested 3´-UTR setups, 

paving the way for the development of highly transferable ribozyme sequences in 

artificial RNA-based genetic switches. 
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Chapter 3  

Aptazymes for conditional gene 
expression control in Caenorhabditis 

elegans 

Introduction 

Model organisms are used to study fundamental biological processes but also to 

understand principles of human diseases. To achieve this goal, genes often need to 

be knocked-down or overexpressed. Knockdown or overexpression of genes lead to 

unwanted side-effects or even lethality. Temporal and spatial control of gene 

expression can avoid side-effects in non-targeted tissues and further diminish 

negative influences on development of the organism. To date, the model organism 

Caenorhabditis elegans has a genetic toolkit with diverse methods for general 

genetic manipulations and different techniques to control gene expression. 

However, convenient methods for conditional gene expression are still lacking. An 

inducible conditional gene expression control system like the presented aptazymes 

could fill this gap. 

The nematode C. elegans is an important model for genetic studies175. The 

animal is transparent, has a defined, invariant cell number and development, large 

brood size and quick development time, respectively175. It was the first fully 

sequenced, multicellular organism176. Many protein-coding genes from human and 

C. elegans are orthologs. Further C. elegans shares clear orthologs of 40% of genes 

known to be associated with human diseases177. This makes many discoveries in 

C. elegans relevant to the study of human health and disease175. Accordingly, 

C. elegans is often used as invertebrate model for neurodegenerative polyQ diseases 

caused by mutated proteins harboring an abnormally long polyglutamine (Qs) 

stretch in their sequence178-180. Different polyQ disease models has been generated 
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in C. elegans by constitutive transgene expression systems181-185. An inducible gene 

expression system could facilitate expression of highly toxic aggregation prone 

polyQs in adult worms and lead to a new animal model and therefore further 

possibilities within the research field of neurodegenerative diseases. 

C. elegans is famous for the phenomenon of RNA interference (RNAi) to 

efficiently knock-down gene functions186. With less than a day of actual work, RNAi 

creates a knockdown of gene function without altering the organism's DNA187. Only 

knockdown efficiency in the worm nervous system is low, thus a technique allows 

RNAi preferentially in neurons188. RNAi knockdown is a so called reverse genetic 

tool and therefore insufficient for many applications in C. elegans. In the last years 

the C. elegans genetic toolkit has been expanded189.  

Different systems for general genetic manipulations and for precise control 

of gene expression are known. For genetic manipulation exogeneous DNA fragments 

can be easily inserted by microinjection of plasmids into the gonads of the worm 

resulting in multicopy, semi-stable extrachromosomal DNA arrays190. These 

extrachromosomal arrays can be stably integrated by mutagenic chemicals or 

irradiation techniques191. For single-transgene integration, the miniMos strategy 

based on truncated transposon sites and co-injection of a transposase was 

optimized in C. elegans192. These two techniques are widely used for random 

integration of DNA sequences in the worm. For site-specific gene editing a series of 

other techniques have been developed in C. elegans. FLP/FRT and Cre/LoxP systems 

that are utilizing recombinases for intra-molecular excision or inversion of DNA 

sequences have been applied to induce in vivo sequence deletions or insertions193. 

Targeted mutations can be generated in C. elegans by applied site-specific nucleases. 

Examples are the genome editing techniques like zinc-finger nucleases (ZFN)194 or 

transcription activator-like nucleases (TALEN)195, 196 which have a high impact in 

costs and designs, respectively. Especially, the clustered regularly interspaced short 

palindromic repeats (CRISPR) RNA-guided Cas9 nuclease (CRISPR/Cas9) technique 

was further optimized for C. elegans197, 198. Compared to the latter two systems 

CRISPR generates a conditional gene knockdown and allows for precise sequence 

alterations and chromosomal engineering199.  

Different techniques for temporal or spatial control of gene expression are 

currently used. A ubiquitously expressing heat shock promoter controlled by the 
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heat shock factor HSF-1 is frequently used for temporal induction of gene 

expression200. Tissue specific control of expression can be obtained by using natural, 

spatially expressing promotors. The recently published repressible Q binary system 

is a conditionally and spatially controllable system. However, it requires the 

expression of two transcription factors, a transcriptional activator QF and a 

transcriptional repressor QS201. Additionally, specifically altered promoters 

containing QF target sites have to be incorporated  to the controlled gene. 
Administration of the small molecule quinic acid allows conditional de-

repression201. This is the only worm-optimized expression modifying technique 

additionally controlled by a small molecule. However, implementation is rather 

laborious since three transgenes need to be expressed. On the one hand, the 

presented methods offer good opportunities to modify C. elegans genetically, on the 

other hand methods for convenient and easy systems for conditional gene 

expression are lacking. Genetic control tools in similarity to the tet-ON/tet-OFF 

transcription factors123 are not known to be investigated in C. elegans yet. Especially, 

gene expression modifying techniques from the field of synthetic biology like ligand-

dependent ribozymes (aptazymes) are lacking189, 197.  

Substantial effort has been devoted to the development of aptazymes for 

conditional control of gene expression when inserted into mRNAs of interest in 

bacteria60, 63, 121, 127, 136, 143, 158, 159, yeast61, 125, 132, 138, 153, mammalian cell systems66, 126, 

128, 139, 152 and adeno-associated virus-vectored transgene expression in mice139. 

Newly, aptazymes were established in plants (unpublished results141). It has been 

shown that ribozymes are flexible and tunable for recognition of different ligands 

by fusion to an aptamer domain125-129, 137-139, 143. They can be also used for in vivo 

logic gate expression systems64, 137, 153. Generally, aptazyme systems allow both, up- 

and down-regulation of gene expression upon addition of a small molecular effector. 

With this, aptazymes are proved to be a robust tool due to in cis-regulation with 

small coding space and a high degree of modularity. The precise control of gene 

expression by exogenous, cell-permeable small molecules binding to aptazymes 

could enlarge the genetic toolkit of C. elegans for gene expression modifying 

techniques in the field of synthetic biology. Therefore, establishing aptazymes could 

close a huge gap in the usage of C. elegans as a model organism. 
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 Aptazymes for C. elegans were analyzed as part of this doctoral thesis. 

Following points were found to be required for their development. 

 

I. An in vivo set up including an adequate reporter system had to be 

defined.  

II. A ribozyme had to be found with good transferability to the 

multicellular organism and with best in vivo activity as catalytic 

domain of the switch.  

III. A small molecule was needed for the external control of the system. It 

required not only high binding affinity to an aptameric domain but 

should also fulfill important pharmacological parameters. The ligand 

should be easily taken up by the worm and should be accessible to a 

multitude of tissues. Good oral bioavailability, good metabolic half-life 

and no toxicity of the ligand would be preferable. 

The listed requirements were addressed step by step. Ligand-dependent ribozymes 

were investigated as versatile tools for conditional gene expression control in 

C. elegans. Different ribozymes as well as OFF- and ON-switching aptazyme systems 

implemented into the 3´-UTR of a reporter gene were analyzed in the living worm. 

Further, the best working ON-switching system was systematically characterized 

and optimized as well as integrated into the C. elegans genome. It is based on a 

tetracycline-dependent HHR type 3 ribozyme. Finally, the developed system was 

applied to a new (genomically integrated) model for conditional expression control 

of the highly toxic aggregation prone polyQs.  

Aptazymes were shown to be robust conditional gene expression systems in 

C. elegans. They work extrachromosomally as well as genomically integrated. 

Temporal and spatial control of gene expression was demonstrated with an 

aptazyme system. Aptazymes were applied to conditionally control polyQ 

expression. This is an important contribution to study age-related proteinopathie 

and can be easily transferred to other disease models in C. elegans. 
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Results 

Generating reporter systems and transgenic worm lines 

First, as proof of principle, the performance of ribozymes without fusion to 

aptamers in C. elegans was tested. In eukaryotes, active ribozymes inserted into the 

3´-UTR of a reporter gene (goi) cleave the transcribed mRNA, therefore the 

transcript is degraded, and gene expression is turned off (Figure 22a). Thus, 

different transgenic C. elegans lines were generated to analyze the influences of the 

active compared to an inactive ribozyme variant on gene expression when inserted 

into the 3´-UTR of the reporter. Extrachromosomal arrays were utilized for insertion 

of ribozymes. Different commercially available plasmids were consulted to 

implement the regulation system (see Material and Methods). First, experiments 

were carried out with a standard C. elegans expression vector with mCherry as 

reporter gene which is under the control of the pharynx specific myo-2 promoter, 

(plasmid pCFJ90202) (Figure 22b). The ribozymes were cloned into the 3´-UTR of 

the reporter gene. Generated plasmids were microinjected into the gonads of a 

young adult hermaphrodite worm203. A marker was co-injected for transgene-

selection, ubiquitously expressing GFP driven by a dpy-30 promoter (pGD152.79 

plasmid). Stable transgenic worm lines were selected from third generation 

transgenic worms. Transgenic worm lines were grown on agar plates with E. coli 

OP50 as food source (for details see Materials and Methods). The worms were 

incubated for 3 days at 20°C from embryo until fully developed young adults. 

Ribozyme in vivo performance was analyzed in comparison to a gene expression 

control system with a non-cleaving, inactive ribozyme structure inserted. Reported 

mCherry expression was analyzed within a replicate of 5 worms placed in a stack 

under a fluorescence microscope or later by confocal microscopy, immunoblotting 

and live-animal flow cytometric analysis. 
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Ribozymes alter gene expression in C. elegans 

Different small nucleolytic ribozymes have been analyzed in the expression system 

described above. The first motif is the env-9 twister ribozyme motif29 with 

shortened stems P3 and P1 (Figure 22c). Stem P1 is closed with a 5´-GAAA-3´ 

tetraloop, as it has been used for in vivo screenings in E. coli before137, 143. 

Inactivation was achieved by the same sequence of the env-9 twister ribozyme, but 

with a GU-to-UG mutation in stem P4. Furthermore, the full-length N79 HHR type 3 

from S. mansoni120 was examined (Figure 22d). The inactive variant was achieved 

by the same sequence, but with a single A-to-G point mutation in the catalytic core 

of the HHR.  

In conclusion, the active ribozymes repressed gene expression of mCherry 

reporter gene sufficiently, whereas the mRNA with the inactive ribozyme was 

expressed and a high mCherry signal was detected (Figure 22e, f). The basal 

expression of the worm line with active env-9 twister ribozyme motif was slightly 

higher than the background expression of the HHR type 3. Therefore, it is proved 

that ribozymes can be used to regulate gene expression over full development in the 

rather complex in vivo model C. elegans.  

 

Both ribozymes were utilized as catalytic domains fused to ligand-dependent 

aptamers for external control of gene expression. The principles OFF-switching and 

ON-switching of gene expression were proved upon addition of an external ligand. 

A broad range of candidates were tested to find good working aptazymes. 
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Figure 22| In vivo effects of ribozymes on gene expression in C. elegans. (a) Schematic of the in vivo ribozyme cleavage mechanism. An active ribozyme integrated into the -UTR of a gene of interest (goi) folded on an intact mRNA signed by a -cap and a poly-A tail [(A)N- ]  leads to self-cleavage of the ribozyme and degradation of 
the transcript by RNases. (b) Injected plasmids for ribozyme (Rz)-dependent control of mCherry expression under the control of a promoter P  and a plasmid specific -untranslated region (UTR). An ubiquitously 
expressed GFP selection marker (dpy30::GFP) is coinjected. (c) Sequence and secondary structure of the env-9 
twister ribozyme with stems P1 to P4. The inactivating mutation is boxed. A gray arrowhead indicates the 
cleavage site. (d) Sequence and secondary structure of N79 full length hammerhead ribozyme type 3 from S. 

mansoni120, with stems I – III, tertiary interactions between nucleotides in gray. The inactivating mutation is 
boxed. A gray arrowhead indicates the cleavage site. Stable worm lines harboring the constitutively active or the 
inactive ribozyme variants of (e) the twister ribozyme motif and (f) the HHR type 3 motif influencing mCherry 
expression in pharyngeal muscle tissue (plasmid pCFJ90). Fluorescence of mCherry was assessed after day 3 
with fully developed young adult worms in stacks of 5, grown at 20 °C. BF, bright-field. Scale bars, 0.3 mm. 

Proof of OFF-switching aptazymes in C. elegans 

Two different ribozymes, namely env-9 twister ribozyme and HHR type 1 were used 

as expression platforms for OFF-switching aptazymes. A theophylline- and a 3-

methylxanthine-dependent env-9 twister ribozyme as well as a tetracycline-
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dependent HHR type 1 were analyzed in the following. Ligand-dependent twister 

ribozymes have been investigated in bacteria and yeast so far137, 143. The env-9 

twister ribozyme fused to a theophylline-binding aptamer was designed and 

characterized in E. coli143. Accordingly, the OFF-switch 3-methylxanthine-

dependent env-9 twister ribozyme has been developed in E. coli (unpublished 

results by the author). The HHR type 1 motif from S. mansoni fused to a tetracycline-

binding aptameric domain80, 90 was reported in mammalian cell line and mice139. 

This construct was included for in vivo assay without examining the catalytic domain 

in advance, namely the HHR type 1 ribozyme. 

 Transgenic worm lines were generated with the aptazymes inserted into the 

3´-UTR of mCherry reporter gene. Either the theophylline- or the 3-methxylxanthine 

aptamers were fused via stem P1 and a communication module to the env-9 twister 

ribozyme (Figure 23). The tetracycline- aptamer was fused via its stem P2 to stem 

3 of the HHR type 1 (Appendix B Figure 35a). All constructs should result in OFF-

switches, namely cleavage of the ribozyme only in response to the ligand (Figure 

24a, Appendix B Figure 35b). In a pre-experiment, feeding of ligands was tested 

with wild type C. elegans utilizing concentrations of 10 µM tetracycline, 10 mM 

theophylline and 10 mM 3-methylxanthine. Wild type worm cultures were not 

affected by these concentrations and fully developed (data not shown). The tested 

ligand-concentrations were used for the following experiments. Defined, temporal 

and spatial OFF-switching was shown by decrease of mCherry expression within the 

pharyngeal muscles (plasmid pCFJ-90202) in response to 10 mM theophylline 

(Figure 24b). The worms fully developed from hatch over 3 days incubation at 20°C 

under both conditions, with or without theophylline. However, basal expression is 

rather high in the OFF-state and the worm cultures behaved heterogenous to the 

ligand. Addition of 10 mM 3-methylxanthine to the respective stable, transgenic 

worm line did not affect gene expression (data not shown). Addition of 10 µM 

tetracycline did not show any OFF-switching effect on pan-neuronal expression of 

mCherry (plasmid pGH-8202) (Appendix B Figure 35c). The used 1,000-fold lower 

tetracycline concentrations compared to used concentrations of the xanthine 

derivates should be sufficient for switching as we could show tetracycline-

dependent ON-switching at that concentration (see next sections). 
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Figure 23| Ligand-dependent OFF-switches in C. elegans. Plasmid construction with env-9 twister ribozyme 
type P3 inserted into the 3´-UTR of mCherry reporter gene. Sequence and secondary structure of the env-9 
twister ribozyme. A gray arrowhead indicates the cleavage site. The aptamers for theophylline (Theo) or 3-
methylxanthine (3-MX) binding are fused to the ribozyme by communication modules at the position of the P1 
stem. 

In conclusion, the 3-methylxanthine-dependent aptazyme did not show any in vivo 

effect in C. elegans, maybe due to less ligand-solubility and -bioavailability compared 

to theophylline. The tetracycline-dependent HHR type 1 OFF-switch did not work in 

pan-neurons of C. elegans although this switch was already presented to regulate 

adeno-associated virus-vectored transgene expression in cultured mammalian cells 

and mice139. However, it was demonstrated that the env-9 twister ribozyme fused 

to a theophylline-binding aptamer is functional as OFF-switch in C. elegans. The 

env 9 twister ribozyme was characterized only in bacteria137, 143 and yeast137 before. 

The presented data show transferability to a multicellular system of different 

developmental states. 
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Figure 24| Theophylline-dependent env-9 twister ribozyme OFF-switch in C. elegans. (a) Schematic of the in 

vivo theophylline-dependent env-9 twister Rz regulation. The active Rz fused by a communication module (light 
gray) to a theophylline (Theo)-dependent aptamer domain gray  and integrated into the -UTR of a gene of 
interest (goi) leads to hindrance of self-cleavage resulting in gene expression. Binding of theophylline to the 
aptamer and resulting conformational change activates the Rz and leads to self-cleavage and degradation of the 
transcript. (b) Stable worm lines harboring mCherry expression conditionally switched off upon addition of 
10 mM theophylline (3 days, 20 °C) in pharyngeal muscles (pCFJ90 plasmid), fluorescence microscope (FL), 
stacks of 5 worms, scale bar 0.3 mm. 

Proof of ON-switching aptazymes in C. elegans 

A tetracycline-dependent aptazyme based on the N79 HHR type 3 motif was utilized 

to show ON-switching of gene expression in C. elegans. The tetracycline-dependent 

ON-switch was reported in yeast 125 and was optimized for human cell line126. The 

tetracycline-dependent HHR motifs developed in human cell line126 were preferred 

to the one developed in yeast125 as the influence of HHR-mediated cleavage within 

the mRNA is highly organism-dependent (see Chapter 2). Furthermore, it is known 

that the C. elegans genome and expressed proteins are much more related to humans 

than to yeast175. The general ON-switching mechanism of these switches is depicted 

in Figure 25a. The aptazyme was inserted into the 3´-UTR of mCherry reporter gene 

(goi). It constantly cleaves mRNA and gene expression is repressed. Upon addition 

of tetracycline (Tc) the ribozyme (Rz) is inactivated due to conformational changes 

and disruption of tertiary interactions between stems 1 and 2126. Consequently, the 

mRNA is intact and the gene is further translated (Figure 25a). The tetracycline-

binding aptamer cd2880, 82 with replaced stem P1 was fused by a communication 

module to stem 1 of the ribozyme (Figure 25b)126. Stable, transgenic C. elegans lines 

were investigated carrying mCherry-reporting systems expressed in the pharyngeal 

muscle (plasmid pCFJ-90202) with the tetracycline-dependent HHRs 
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(communication modules K4, K5, K7, K19126) inserted into the 3´-UTR (Figure 25b). 

10 µM tetracycline were sufficient to switch ON mCherry expression in pharyngeal 

muscles (plasmid pCFJ-90202) in all examples (Figure 25c). In all cases the worms 

fully developed from embryos over 3 days incubation at 20°C under both conditions. 

The aptazyme variant 3´K4 (communication module K4, Figure 25b, c) showed the 

best performance with best homogeneity of the replicates and lowest background 

expression without ligand as well as highest mCherry signal after uptake of 

tetracycline.  

 In conclusion, the tetracycline-dependent aptazyme is performing well as 

ON-switch in C. elegans pharyngeal muscles. A good, temporal and homogenous 

tetracycline-response has been measured while worms developed normally under 

the given conditions. The ON-switching tetracycline-dependent expression system 

was further characterized in C. elegans. Therefore, the effects of tetracycline in C. 

elegans were further investigated to exclude toxic effects. Further, the best 

performing 3´K4 variant of the tetracycline-dependent aptazymes was 

characterized for different in vivo conditions and optimized for further applications 

in a new disease model. 
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Figure 25| Tetracycline-dependent ON-switches in C. elegans. (a) Schematic of the in vivo tetracycline-
dependent aptazyme regulation. The active ribozyme is fused by a communication module (gray) to a 
tetracycline (Tc)-dependent aptamer domain red  and integrated into the -UTR of a gene of interest (goi) 
leading to self-cleavage in absence of the ligand and degradation of the transcript. Binding of tetracycline to the 
aptamer domain and the resulting conformational change of the structure prohibits tertiary interactions 
between stems 1 and 2 of the ribozyme and therefore prevents cleavage. (b) Plasmid construction for 
tetracycline-dependent ON-switches as published by the Suess group126. Stem 1 of the HHR type 3 from S. 

mansoni (Sm) is opened and fused to the tetracycline-binding aptamer by replacing stem P1 by different 
communication modules K4, K5, K7 and K19. (c) Stable worm lines reporting mCherry expression conditionally 
switched on by 10 µM tetracycline in pharynx muscle (3 days, 20 °C), aptazymes with the different 
communication modules K4, K5, K7 and K19 were inserted into the -UTR. (BF) bright field, fluorescence 
microscope (FL), stack of 5 worms, scale bars 0.3 mm. 
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Determination of non-toxic effects of tetracycline in C. elegans 

Tetracycline is known for a high cell-permeability, it is well tolerated and can be 

easily fed to the worms. It is controversially discussed whether tetracycline shows 

toxic effects in C. elegans or a protective effect targeting stressors204, 205. Therefore, 

the effects of tetracycline (Tc) on wild type C. elegans development and the brood 

size were analyzed in a wide range of increasing tetracycline concentrations  

(Figure 26). Only concentrations above 25 µM tetracycline showed a growth delay 

(Figure 26a) and an effect on brood size of wild type C. elegans (Figure 26b).  

 
Figure 26| Tetracycline toxicity determined via brood size effects and development of C. elegans. (a) 
Representative images of wild type C. elegans populations after 3 days of treatment (20°C) with indicated 
concentrations of tetracycline. Development is not affected up to concentrations of 25 µM tetracycline. Larval 
arrest was determined at 250 µM tetracycline, scale bar 0.4 mm. (b) Relative brood size was determined with 
indicated concentrations of tetracycline with standard deviation of biological triplicates. 

These findings are equivalent with the shown effects caused by doxycycline204. As a 

side effect, tetracycline uptake can be visualized under a fluorescence microscope. 

Tetracycline has an absorption and emission spectrum similar GFP. A fluorescent 

tetracycline-Krägelchen (collar) could be visualized in wild type C. elegans within 

the GFP channel, but not in the mCherry channel after uptake of tetracycline 

(Appendix B Figure 36). However, the reported effect of forming a tetracycline-

Krägelchen is not dominant. This phenotype can be utilized additionally to verify 

tetracycline uptake by C. elegans. To circumvent the problem of measuring 

tetracycline accumulation-like enrichments only mCherry reporter gene were 

utilized for better qualitative read outs. Both experiments demonstrated that 

concentrations below 25 µM tetracycline do not show toxic effects and especially 

10 µM and lower concentrations of tetracycline resulted in a robust brood size and 

cultures of wild type C. elegans (Figure 26). Thus, concentrations up to 10 µM 
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tetracycline were used for further assays in C. elegans. Generally, tetracycline seems 

to have a good bioavailability, shown by the fact that low concentrations of 

tetracycline are sufficient to switch gene expression.  

Application of the tetracycline-dependent ON-switch in diverse tissues 

The tetracycline-dependent aptazyme was further characterized. The best 

performing ON-switching 3´K4 aptazyme was analyzed for versatile and robust 

tissue-selective switching. C. elegans strains were constructed carrying aptazyme-

regulated mCherry reporters driven by tissue-specific promoters for body wall 

muscles (pCFJ104 plasmid202) and neurons (pGH-8 plasmid202). The pCFJ104 

plasmid202 expresses in body wall muscle cells and the pGH-8 plasmid202 expresses 

in pan-neurons. Stable transgenic worm lines were generated with the 3´K4 

aptazyme embedded in the 3´-UTR of mCherry in the respective plasmid. 

Experiments for tetracycline-dependent switching were performed as before. 

Worms were analyzed by confocal microscopy. Expression in body wall muscles or 

pan-neurons were visualized within the entire worm (Figure 27a) and by close-ups 

of the C. elegans head area (Figure 27).  

Enhanced mCherry fluorescence was homogenously distributed in the large body 

wall muscle tissue, indicating that the orally taken up tetracycline induces an even 

inhibition of ribozyme activity throughout the anterior-posterior axis of the worm. 

In the close up gene expression is shown especially in the ventral and dorsal head 

muscles and the muscle arms pointing towards the nerve ring in the area between 

the terminal bulb and the metacorpus of C. elegans pharynx (Figure 27a, b). 

Moreover, as expected the pan-neuronal targeted expression showed strongest 

mCherry fluorescence in the anterior nerve ring (NR) and nerve cords at the 

terminal bulb of the pharynx which constitutes the largest assembly of neurons in C. 

elegans (Figure 27b). In addition, mCherry fluorescence was also induced in the 

other parts of the nervous system including the ventral (VNC) and dorsal nerve cord 

(DNC), but also ganglia in the tail (TG) of the worms (Figure 27a, enlarged section). 

Together, the tetracycline-dependent aptazyme is applicable in conjunction with 

tissue specific promoters allowing both temporal and spatial control of gene 

expression. Further a controlled ubiquitous expression system could be designed. 
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Figure 27| Conditional tissue-specific tetracycline-dependent gene expression control in C. elegans. Further 
characterization of tetracycline-dependent 3´K4 HHR type 3 ON-switching aptazyme system. Switching by 
administration of 10 µM tetracycline (3 days, 20 °C). Tissue-specific expression control in body wall muscles 
(pCFJ104 plasmid) and neurons (pGH8 plasmid), confocal microscopy (CM), (a) 5x magnification, scale bars 0.3 
mm; nerve ring (NR), ventral nerve cord (VNC), dorsal nerve cord (DNC), tail ganglia (TG). (b) Close-ups of the 
C. elegans head area: body wall muscles with focus on the ventral and dorsal head muscles and the muscle arms 
pointing towards the nerve ring in the area between the terminal bulb and the metacorpus of C. elegans pharynx; 
Pan-neurons with focus on the nerve ring and nerve cords at the terminal bulb of C. elegans pharynx. Scale bars 
0.03 m, (BF) bright field.  
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Aptazyme controlled ubiquitous gene expression in C. elegans 

An inducible, strong ubiquitous expression system controlled by the 3´K4 aptazyme 

was favored for applications in a new disease model in C. elegans. Thus, a ubiquitous 

expression system was analyzed to verify tetracycline-dependent ON-switching of 

expression in all kind of tissues.  

Therefore, a plasmid system for strong ubiquitous expression was 

constructed. The icd-1 promoter allows for high expression levels in all tissues. A 

new plasmid reporting mCherry was constructed with the icd-1 promoter in 

combination with the icd-1 3´-UTR (Appendix B Figure 37a, b). The 3´K4 aptazyme 

was embedded in the icd-1 3´-UTR (Figure 28a). Microscopic analysis showed 

strong, ubiquitous ON-switching of mCherry in response to tetracycline (Figure 

28b). A tight regulation was demonstrated with low basal expression. Insertion of a 

second K4 aptazyme into the 5´-UTR did not obviously optimize the conditional gene 

expression control system (Appendix B Figure 37c). Therefore, the ubiquitously 

expression system with a single 3´K4 aptazyme embedded in the 3´-UTR was further 

characterized. The ubiquitous protein expression was demonstrated in more detail 

by confocal microscopic pictures. Various tissues including neurons and muscles 

were focused (Figure 29).  

Together, the ubiquitous expression system was tightly regulated. Only weak 

basal expression was measured without tetracycline. The ligand-availability was 

demonstrated for all kind of tissues in the induced state. In the germlines no 

transgene expression occurs due to silencing of the reporter system206. 

 

 
Figure 28| Ubiquitous tetracycline-dependent gene expression control in C. elegans. Ubiquitous expression 
control by (a) a model system utilizing the icd-1 promoter and icd-1- -UTR for strong ubiquitous mCherry 
expression with the tetracycline-dependent HHR (3´K4) inserted into the -UTR. (b) Switching with 
administration of 10 µM Tc (3 days, 20 °C); (BF) bright field, fluorescence microscope (FL), stack of 5 worms, 
scale bar 0.3 mm.  
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Figure 29| Ubiquitous induction of mCherry expression by a tetracycline-dependent ribozyme (3´K4). Induced 
expression state after administration of 10 µM tetracycline (from hatch 3 days, 20 °C. Soluble mCherry protein 
can be localized in different tissues, including 1) mouth tissue, 2) chemosensory neurons, 3) pharynx, 4) 
synapses and excretory system, 5) intestine lumen, 6) intestinal cell, 7) ventral nerve cord, 8) dorsal nerve cord, 
9) vulva, 10) body wall muscles and 11) lumbar ganglion, respectively. Confocal microscopies focused on 
different tissues within one representative worm, scale bars 0.03 mm. 

Quantification of aptazyme controlled gene expression in C. elegans 

The 3´K4 aptazyme mediated switching was quantified by immunoblotting. Gene 

expression control systems were analyzed in pharyngeal muscles (PCFJ90 plasmid), 

in pan-neurons (pGH-8 plasmid) and ubiquitously expressed (icd-1 expression 

system) (Figure 30). Additionally, immunoblots demonstrated that even lower 

concentrations of 5 µM tetracycline are sufficient to induce mCherry expression. The 

induction by ligand addition of 5 and 10 µM tetracycline were comparable especially 

in the examples of pharyngeal muscle and the ubiquitous expression (Figure 

30a, c). Whereas protein induction was higher upon addition of 10 µM compared to 

5 µM tetracycline in the body wall muscles (Figure 30b).  
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Figure 30| Tissue specific tetracycline-dependent ON-switching of reporter expression was quantified by 
immunoblotting. Uninduced mCherry (RFP) was analyzed against induction with 5 or 10 µM tetracycline 
specifically for expression within (a) pharynx muscle, (b) body wall muscle and (c) ubiquitous. Actin served as 
loading control. 

Together, tetracycline-dependent aptazymes proved to be convenient tools 

to control gene expression in diverse tissues of C. elegans. The ligand-availability 

was demonstrated for all kind of tissues. Different, tightly regulated 

extrachromosomal array systems were established conditionally controlled by the 

3´K4 aptazyme. Generally, extrachromosomal arrays are favored for their rather 

quick preparation in the worm190, 191. Injected plasmid systems typically assemble 

through non-homologous recombination to form large concatemers or 

extrachromosomal arrays with numerous copies of the injected DNA190. For some 

applications it might be problematic that the extrachromosomal arrays do not 

follow Mendelian segregation patterns and therefore result in a mosaic-like 

expression190. Stable genomic integration of the extrachromosomal arrays 

overcome this problem and might be favored for certain applications. 

Genomically integrated aptazyme controlled gene expression 

The 3´K4 aptazyme controlled ubiquitous expression system was genomically 

integrated to generate 100% stably expressing worm lines.  

Genomic integration of the extrachromosomal arrays can be obtained by forced 

homologous or non-homologous end-joining207. Stable multicopy reporter gene 

expression can be generated by genomic integration of the extrachromosomal 

arrays (Figure 31).  
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Figure 31| Illustration of array integration of aptazyme-controlled expression systems 

Different techniques have been reported for array integration into C. elegans191. 

Here, two approaches were examined, UV- and X-ray irradiation. Several trials with 

UV-irradiation failed likely due to inefficient dosage. However, an X-ray irradiation 

protocol could be established successfully (for more details see Materials and 

Methods). Shortly, 100% transgenic progeny of irradiated survivor worms were 

selected after approximately 6 generations. Animals recovered from the irradiation 

procedure are heavily mutagenized and contain many mutations additionally to the 

array insertion. Thus, it is necessary to backcross the recovered mutants to wild-

tpye animals to ensure a wild type genetic background. Integration of the array has 

been verified by single-worm PCR.  

Stably integrated worm lines were analyzed in response to tetracycline as 

before. Homogenous ON-switching of gene expression was obtained in response to 

1 to 10 µM tetracycline (Figure 32a). Minimal increase of mCherry expression was 

detected in response to 1 µM tetracycline (Figure 32a). With increasing tetracycline 

concentrations also mCherry expression increased. Nevertheless, this effect is 

rather weak in the immune blot (Figure 32b). Importantly, the results of integrated 

array lines are comparable to the extrachromosomal array results. The stably 

integrated conditional gene expression control system is robust and makes handling 

easier due to 100% transgenic animals. A more precise quantification of 
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tetracycline-dependent gene induction was gained by live-animal flow cytometry. 

Synchronized L1 larvae were fed with different concentrations of tetracycline and 

mCherry fluorescence was recorded every 24 hours until adulthood (Figure 32c, 

Appendix B Figure 38). Protein expression reached a plateau above 5 µM 

tetracycline. A maximal induction of 2.5-fold ± 0.26 was achieved after 48 hours 

(Figure 32c, Appendix B Figure 38). Moreover, live-animal flow cytometric 

analysis revealed aptazyme-based switching of mCherry expression in all 

developmental stages of the worm, from larval level L1 to young adults (YA), as well 

as in fully developed adults (d1) (Figure 32d, Appendix B Figure 39). This was 

demonstrated by a 24 hours tetracycline treatment.  

 

 
Figure 32| Genomic integrated tetracycline-dependent (K4) HHR controlling gene expression ubiquitously. 
Genomic integration by X-ray irradiation of extrachromosomal array expression system harboring the 
tetracycline-dependent HHR (3´K4 aptazyme). (a) ON-switching of mCherry expression in response to addition 
of 1, 5 and 10 µM tetracycline (3 days, 20 °C). (BF) bright field, fluorescence microscope (FL), stacks of 5 worms, 
scale bar 0.3 mm. (b) Tissue specific ON-switching quantified by immunoblotting. Uninduced mCherry (RFP) 
was analyzed against induction with 1, 5 or 10 µM Tc. Actin served as loading control. Live-animal flow 
cytometry was performed with liquid cultures. (c) Induction of mCherry expression after 48 h incubation with 
5 µM tetracycline starting from synchronized L1 larvae. (b) Fold-induction of a 24 h treatment with 10 µM 
tetracycline starting from different larval levels L1, L2/3, L4/young adult worms (YA) and from day 1 adult 
worms (d1); background subtraction see Material and Methods, error bars show standard deviation. 
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Inducible polyQ aggregation model in C. elegans 

Inducible expression systems allow for generating animal models of human disease 

that rely on expression of highly toxic components. Thus, the presented aptazyme 

system was applied to establish an inducible model for neurodegenerative diseases.  

C. elegans is a simplified invertebrate model for the expression of aggregation 

prone proteins like poly glutamines (polyQs)178, 179. The neurodegenerative polyQ 

diseases are caused by mutated proteins that have an abnormally long 

polyglutamine (Qs) stretch in their sequence180. In Huntington s disease the polyQ 
expansion in the huntingtin (Htt) gene makes Htt prone to aggregate and 

accumulate180. A Htt gene that includes a stretch with over ~ 35 Qs tend to aggregate 

causing dysfunction and degeneration of neurons correlating with the age of disease 

onset in humans208. Recently, a new in vivo model utilizing extrachromosomal array 

for constitutively expression of mutant polyQs of 97 repeats and a control system of 

25 glutamine repeats was published in C. elegans182. In this case extrachromosomal 

array expression is used to reach a certain threshold of expression rate forcing the 

system to form aggregates. Only in vivo models of polyQ aggregation expressed in 

body wall muscles or in neurons are published179. However, in C. elegans no 

inducible system to analyze highly toxic aggregation prone proteins is available. 

Especially a model for ubiquitous expression of pathological 109 polyQs is still 

lacking. With the aptazyme system the onset of polyQ aggregation could be studied 

after simple induction by a small-molecule. High concentrations of non-soluble 

polyQ aggregates could be induced for characterizations of specific aggregation 

phenomena, localizations within the animal or even biochemical analysis of isolated 

aggregates ex vivo. 

It was investigated whether the tetracycline-dependent inducible expression 

system (3´K4 aptazyme) for the ubiquitous expression (icd-1 promoter) can be 

applied to huntingtin exon1-mCherry fusion constructs. Therefore, the huntingtin 

exon 1 with polyQ stretches was fused N-terminal to the mCherry reporter gene 

(Figure 33a). Extrachromosomal array expression systems were generated with 

polyglutamine repeats of 25Qs control and pathological 109Qs209. The worms raised 

on agar plates at normal growth conditions of 20°C, over 3 days from hatch with or 

without addition of the ligand.  
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Figure 33| Ubiquitous tetracycline-inducible polyQ protein aggregation model system in C. elegans. (a) 
Ubiquitous localization of a plasmid construction for tetracycline-dependent HHR K  control of huntingtin 
exon 1 (Htt)-mCherry fusion protein expression with 25Qs or 109Qs stretches. A plasmid for ubiquitous 
expression (icd-1 promoter) was utilized. Ubiquitous localization of (b) huntingtin exon1-mCherry fusion 
protein with polyglutamine repeats of 109Qs, non-soluble and aggregated in inclusion bodies after induction 
upon addition of 1– 10 µM tetracycline. (c) Huntingtin exon1-mCherry fusion protein with polyglutamine 
repeats of 25 Qs, soluble. 5er stacks in 10x magnification, 3 days, 20°C. Scale bar 0.3 mm. (d) Formation of 
inclusion bodies with non-soluble Htt109Q::mCherry-fusion protein and (e) expression of Htt25Q::mCherry-
fusion protein formation of inclusion bodies with non-soluble Htt109Q::mCherry-fusion protein (from left: 
pharynx, intestinal tract, body-wall muscles, nervous system). Induction with 10 µM tetracycline, 3 days, 20°C. 
63x magnification, scale bars 0.03 mm. 
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Expression of huntingtin exon1-mCherry fusion proteins with 109Qs 

(Htt109Q::mCherry) was induced in an extrachromosomal array line. Aggregates 

were visualized upon a certain threshold of Htt109::mCherry expression (Figure 

33b). Intracellular aggregates of the Htt gene are called inclusion bodies. Worm 

cultures occasionally showed Htt109::mCherry derived inclusion bodies with only 

1 µM tetracycline added. Response to higher concentrations of tetracycline resulted 

in ubiquitous formation of Htt109::mCherry derived inclusion bodies. Extracted 

protein aggregates from samples administered with 10 µM tetracycline 

accumulated in the stacking gel of the immunoblot (Appendix B Figure 40). In 

contrast, expression of the Htt25::mCherry increased with enhanced ligand 

concentration, but the protein stayed soluble even for the highest tetracycline 

concentration (Figure 33c). The Htt109::mCherry aggregates were formed in 

various tissues including the pharynx, the intestinal tract, the body-wall muscles and 

the nervous system (Figure 33d). In contrast Htt25::mCherry worms showed an 

evenly distributed fluorescence signal (Figure 33e). 

 Together, the established tetracycline-dependent ON-switch can be applied 

to induce polyQ aggregation in C. elegans. The formation of inclusion bodies is 

tetracycline-concentration dependent. The threshold for inclusion body formation 

could be reached within the presented model. The data show that the aptazyme-

based conditional gene expression system is applicable to generate novel inducible 

C. elegans disease models that underlie expression of highly toxic proteins.  

 

 

Discussion 

The presented data demonstrate that ribozymes are highly versatile tools to control 

gene expression in a ligand-dependent manner when integrated into the model 

organism C. elegans. The engineered, in-cis regulating aptazymes for C. elegans work 

both either as ON- or as OFF-switches. Due to the small coding space a simple cloning 

procedure is required for construction and easy incorporation of novel sequences is 

given. No additionally expressed proteins are necessary in contrast to the recently 
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published repressible Q binary system which is rather laborious since three 

transgenes need to be expressed201. A small external molecule with good cell-

permeability and good bioavailability that is robust across a variety of tissues is 

sufficient to activate the aptazyme system in the multicellular organism. In contrast 

the repressible Q binary system is less robust since the QF/QS ratio needs to be 

adjusted to exact levels and it is unclear whether it works in all kind of tissues. The 

Q binary system can be used to control gene expression only up to young adulthood 

of the worms. However, it has been demonstrated the aptazymes can be still induced 

to regulate gene expression in day one adult worms. 

Utilization of natural promoters together with the external ligand demonstrated 

conditional, temporal and spatial control of the aptazyme system at optimal growth 

temperature. In contrast heat shock induction utilizing ubiquitously expressing heat 

shock promoters cannot be combined with other promoters and further can induce 

stressors. Likewise, aptazyme-dependent expression strength can be controlled by 

the external ligand in a more dose-dependent manner. The easily inducible 

aptazyme system facilitates healthy development of the worms compared to RNAi 

knockdowns of essential genes or overexpression of highly toxic proteins like 

aggregation prone proteins. 

 Especially a tetracycline-dependent ON-switch was optimized. The utilized 

tetracycline-dependent ON-switch from human cell line126 allowed temporal and 

spatial control of gene expression in various tissues. Tetracycline can be orally 

administrated. Additional to the uptake via the intestinal tract, worms can take up 

substances via its body surfaces. A good bioavailability of tetracycline was 

demonstrated. Only low ligand concentrations are required for optimal triggering of 

the expression system in a dose-dependent manner. Together, these properties turn 

the tetracycline-dependent ON-switching aptazyme system into a very promising 

tool for conditional gene expression control in C. elegans.  

We were able to apply the tetracycline-dependent ON-switch to a 

neurodegenerative model in C. elegans. The aptazyme was inserted into the 3´-UTR 

of a 109 polyQ-containing huntingtin gene exon 1 from human. Htt with a polyQ 

stretch above 40 glutamine repeats is prone to form aggregates180, 210. Therefore, 

polyQ disease models are well established not only for Huntington s disease (HD) 

but also for analysis of other neurodegenerative disorders like different 
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spinocerebellar ataxias (SCA), Machado–Joseph disease (MJD/SCA3), dentatorubral 

pallidoluysian atrophy (DRPLA) and spinal and bulbar muscular atrophy, X-linked 1 

(SMAX1/SBMA)211. Our aptazyme approach for the first time allowed temporal 

control of ubiquitous expression of aggregation prone proteins. Therefore, the 

disease model could be greatly improved as the onset of neurodegeneration can now 

be determined precisely. The presented inducible polyQ model is ubiquitously 

expressed and therefore could be a promising model for localization, transmission 

and degradation of polyQ aggregates during aging of the worm. Different 

aggregation models like direct induction from hatch or at later stages of 

development, longitudinal survival analysis, but also co-expression with other 

proteins can be done180, 210. Currently, transmission analysis of polyQ aggregates are 

controversy discussed. Transparency of the worm makes it easy to localize and 

monitor formation or travelling of inclusion bodies. A recent example showed that 

polyQ aggregates can transmit between cells in connection to aging182. Further, 

membrane-surrounded vesicles called exophers that can contain protein aggregates 

and organelles were shown in C. elegans212. Our approach can be easily modified and 

extended to target other questions even more precise. Aptazymes could be site-

specifically integrated into the genome by CRISPR-Cas9197, 198. A single-copy 

inducible switch system could be applied to control endogenous genes. With single-

copy insertion also gonadal expression can be addressed. Finally, the availability of 

different ligands and the possibility to combine different switches makes aptazymes 

a promising tool for orthogonal regulation of multiple proteins at once to gain 

insights into interplaying proteins. 
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Materials and Methods 

Buffers, solutions and media 

Table 3| Buffers and solutions. If not stated differently, solutions and media were prepared with MilliQ ultrapure water and sterilized by autoclaving or using a .  μm filter. If not stated differently, all chemicals 
were purchased from Roth or Sigma-Aldrich. 

Name composition 

1x agarose gel loading buffer 30% (v/v) glycerol, 0.25% (w/v) bromphenol 

blue, 0.25% (w/v) xylene cyanol  

ECL solution (enhanced chemiluminescence 

solution) 

Solution A: 0.1 M Tris HCl (pH 8.6), 25 mg 

luminol, fill to 100 mL with ddH2O; 

Solution B: 11 mg p-cumaric acid, fill to 10 mL 

DMSO; 

Solution C: 30% (v/v) H2O2, 

Mixture ready-to use: 1 mL solution A, 100 µL 

solution B and 1 µL solution C 

1 M K-citrate (pH 6.0) 20 g citric acid monohydrate, 293.5 g tri-K-

citrate-monohydrate, fill to 1 L with H2O, 

adjust to pH 6, sterilize by autoclaving 

5x MOPS buffer (high molecular weight 

> 20 kDa) 

250 mM MOPS, 250 mM Tris, 5mM EDTA, 0.5% 

(w/v) SDS 

  

1x PBS (pH 7.4) 137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4 x 2H2O, 1.47 mM KH2PO4 

RNA denaturing PAGE loading buffer 1 mM EDTA, 80% formamide 

RNA denaturing PAGE loading buffer, 

supplemented with bromophenol blue and 

xylene cyanol 

1 mM EDTA, 80% formamide, 0.25% (w/v) 

bromophenol blue, 0.25 % (w/v) xylene cyanol  

Separation gel (10%) for Bis-Tris gels 38% (v/v) ddH2O, 29% (v/v) gel buffer (3.5x), 

33% /v/v) acrylamide/bis-acrylamide (29:1), 

0.6% (v/v) APS, 0.3% (v/v) TEMED 

5x SDS loading buffer (worm blots) 255 mM Tris/HCl (pH 6.8), 12.5 mM EDTA (pH 

8.0), 715 mM b-mercaptoethanol, 5% (w/v) 

SDS, 42.5% (v/v) glycerol, 0.35% (w/v) 

bromphenolblue 
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2x SDS lysis buffer 125 mM Tris (pH 6.8), 2 mM EDTA (pH 8.0), 

4% (w/v) SDS, 20% (w/v) sucrose 

Stacking gel for Bis-Tris gels 58% (v/v) ddH2O, 29% (v/v) gel buffer (3.5x), 

13% acrylamide(bis-acrylamide (29:1), 0.6% 

(v/v) APS, 0.3% (v/v) TEMED 

5x TBE buffer (pH 8.3)  54 g/L Tris base, 27.5 g/L boric acid, 10 mM 

EDTA 

10X TBE, 9 M urea 108 g/L Tris base, 55 g/L boric acid, 20 mM 

EDTA, 540 g/L urea 

10x TBS-T 100 mM Tris/HCl (pH 8.0), 1.5 M NaCl, 5% 

(v/v) Tween® S20 

1x TE buffer 30 mM Tris base, 1 mM EDTA 

Trace metal solution 1.86 g Na2-EDTA, 0.69 g FeSO4 x 7H2O, 0.2 g 

MnCl2 x 4 H2O, 0.29 g ZnSO4 x 7 H2O, 0.025 g 

CuSO4 x 5 H2O, ad 1 L with H2O, sterilize by 

autoclaving and store in the dark 

urea (9 M) 540 g/L urea 

1x WB transfer buffer 10% (v/v) 10x WB buffer, 20% (v/v) 

methanol, 70% (v/v) ddH2O 

10x Western Blot (WB) transfer buffer  25 mM Tris, 192 mM glycine, 0.02% (v/v) SDS, 

20% (v/v) methanol 
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Table 4| Media. If not stated differently, solutions and media were prepared with MilliQ ultrapure water and 
sterilized by autoclaving or using a .  μm filter. If not stated differently, all chemicals were purchased from 
Roth or Sigma-Aldrich. 

Name composition 

High growth (HG) medium agar  2.5% (w/v) agar-agar bacteriological (Roth), 

2% (w/v) BactoTM peptone BD, 3% (w/v) NaCl, 

937 ml H2O, sterilize by autoclaving, after 

cooling to 55°C add 1 mM CaCl2, 20 µg/mL 

cholesterol 25 mM KPO4 (pH 6.0) 1 mM MgSO4 

LB-Carb LB medium supplemented with 100 µg/mL 

carbenicilline 

LB medium  5 g/L NaCl, 5 g/L yeast extract, 10 g/L 

tryptone, pH 7.0 

M9 buffer (C. elegans culturing) 42 mM Na2HPO4 x 2 H20, 37 mM KH2PO4, 

86 mM NaCl, adjust with ddH2O to equired 

volume, sterilized by autoclaving, before use 

add 1 mM MgSO4 

Nematode growth medium (NGM) agar 2% (w/v) agar-agar bacteriological (Roth), 

2.5% (w/v) BactoTM peptone BD, 3% (w/v) 

NaCl, 951 ml H2O, sterilize by autoclaving, after 

cooling to 55°C add 1 mM CaCl2, 5 µg/mL 

cholesterol 25 mM KPO4 (pH 6.0) 1 mM MgSO4 

S-basal 5.85 g NaCl, 1 g K2HPO4, 6 g KH2PO4, 5 µg/mL 

cholesterol, fill ad 1 L with ddH2O, sterilize by 

autoclaving 

S-buffer 6.4 mM K2HPO4, 43.55 mM KH2PO4, 0.1 M NaCl, 

adjust with H2O to final volume 

S-buffer+ S- buffer with 30% (v/v) glycerol 

S-medium 1 L S- basal, 10 mL K-Citrate (1 M, pH 6), 10 mL 

Trace metal solution, 3 mL CaCl2 (1 M), 3 mL 

MgSO4 (1 M) 

SOC (super optimal broth with catabolite 

repression) medium 

2% (w/v) tryptone, 0.5% yeast extract, 0.05% 

(w/v) NaCl, 10 mM MgCl2, 10 mM 

MgSO4 x 7 H2O, 20 mM glucose 
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Antibiotics and antibodies 

Table 5| Antibiotic stock solutions. If not stated differently, solutions and media were prepared with MilliQ ultrapure water and sterilized by autoclaving or using a .  μm filter. If not stated differently, all chemicals 
were purchased from Roth or Sigma-Aldrich. 

Name composition 

1000x carbencilline stock solution (100 

mg/mL) 

1 g Carbenicilline in 10 mL 50% (v/v) ethanol 

theophylline stock solution (45 mM) 0.409 g solved in 50 mL H2O, steril filtered 

tetracycline stock solution (500 µM) 0.011 g solved in 50 mL H2O, steril filtered 

 

Table 6| Antibodies. 

Name company 

Primary antibodies  

mCherry antibody [1C51]  Novus Biological (NBP1-96752) 

RFP antibody [6G6] Chromotek 

Anti-actin [DSHB, JLA20] Santa Cruz (sc-47778) 

Secondary antibodies  

Anti-mouse-IgG monoclonal Dianova GmbH 

Enzymes  

Table 7| Enzymes and corresponding buffers. 

name buffer company 

Phusion Hot Start II DNA 

polymerase 

5x HF buffer, 5x GC buffer Thermo Scientific 

Taq DNA polymerase 10x Thermo buffer Thermo Scientific 

T4 Quick ligase 2x Quick ligase buffer NEB 

RNase inhibitor (Ribolock) n/a Fermentas 

Proteinase K 1x TE Fermentas 

Lysozyme 1x TE Roth 

DNase I 10x DNase I reaction buffer Thermo Scientific 

Superscript III Reverse 

Transcriptase (SIIIRT) 

5x First Strand buffer Invitrogen 

RNase H n/a NEB 

DPN I 10x Cut Smart buffer NEB 
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Kits and size standards 

Table 8| kits and size standards. 

Name company 

Zymo DNA Clean & Concentrator Kit  Zymo Research 

Zymoclean Gel Recover Kit Zymo Research 

Zyppy Plasmid MiniPrep Kit Zymo Research 

GoTaq-qPCR master Mix Promega 

QuantiTect Reverse Transcription kit QIAGEN 

QIAprep Spin Miniprep Kit QIAGEN 

RNeasy Mini Kit  QIAGEN 

RNA Protect Bacteria Reagent QIAGEN 

Gibson Assembly Mix NEB 

Gene Ruler 1 kb DNA ladder Fermentas 

Gene Ruler Ultra low range DNA ladder Fermentas 

 

Oligonucleotides 

Table 9| Oligonucleotides for final plasmids injected in C. elegans (Chapter 3). Cloning utilizing side-directed 
mutagenesis. One primer is phosphorylated [Phos] for ligation. All primers were purchased from Sigma Aldrich. 
Phosphorylated primers and primers > 30 nucleotides were HPLC purified, others were ordered DST purified, 
solubilized, 100µM in water. 
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Table 10| Oligonucleotides for final plasmids injected in C. elegans (Chapter 3). Gibson Assembly cloning of 
plasmid backbone (BB) and insert (Ins); primers from Sigma Aldrich, DST purified, 100µM in water. 

 

Table 11| Oligonucleotides for final plasmid cloning via site-directed mutagenesis used in Chapter 2. One primer 
is phosphorylated [Phos] for ligation; All primers from Sigma Aldrich. Phosphorylated primers and primers > 
30 nucleotides were HPLC purified, others were ordered DST purified, solubilized 100µM in water. 

 



 
   85 
 

Plasmids 

Table 12| Final plasmids for transformation into E. coli. All are based on the LW19-pQE31-J06-eGFP as 
described in Methods. 

 

 

Table 13| Template plasmids and coinjection plasmid for C. elegans. 

 

 

Table 14| Final plasmids for microinjected into C. elegans with constitutively active ribozymes inserted. 
Detailed constructions are explained below. Plasmids were injected for extrachromosomal array lines (ec) or 
genomical integrants (g). Cryo stock numbers of stable worm lines are listed. 
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Table 15| Vectors for microinjected into C. elegans with ligand-dependent aptazymes inserted. Vectors were 
injected for extrachromosomal array lines (ec) or genomical integrants (g). Cryo stock numbers of stable 
worm lines are listed. 

 

Bacterial and worm strains 

Escherichia coli TOP10 (Invitrogen) 

F- mcrA ∆ mrr-hsdRMS-mcrBC  φ lacZ∆M  ∆lacX  recA  araD  ∆ ara leu  galU galK 
rpsL (Smr) endA1 nupG 

The E. coli TOP10 are described to be ideal for high-efficiency cloning and plasmid 

propagation. Further, they stable replication of high-copy number plasmids is 

allowed. 

Escherichia coli XL10 gold (Stratagene) 

endA1 glnV44 recA1 thi-  gyrA  relA  lac Hte Δ mcrA  Δ mcrCB-hsdSMR-mrr)173 tetR F'[proAB lacIqZΔM  Tn TetR Amy CmR ] 

The phenotype of E. coli XL10 goldis described to allow high transformation with 

large plasmid inserts. 

Caenorhabditis elegans Bristol strain N2 (CGC, University of Minnesota) 

The wild type N2 C. elegans was the origin for all stable transgenic C. elegans lines 

generated within this work. 

Laboratory Equipment 

Agarose and polyacrylamide gel electrophoresis systems (Bio-Rad) 

Amersham Imager 600 (GE Healthcare) 

Biometra GelDoc (Biometra) 
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Bright-field microscope (Olympus SZ51) 

Centrifuge 5810R (Eppendorf) 

Confocal microscope (Leica TCS SP8) 

COPAS Flow Pilot with FOCAS 250 µm (Union Biometrica) 

Electroporator 2510 (Eppendorf) 

Fluorescence microscope (Leica DM 5500B, Leica DFC 356 FX) 

Heath block, digital (VWR) 

Incubators (Infors Multitron II, Infors AG MaxQ 8000, ThermoScientific) 

Laser scanner Typhoon FLA 7000 (GE Healthcare) 

Micromanipulator (Bachofer) 

Multichannel pipette (Brand) 

NanoQuant plate (Tecan) 

Needle puller (P-87 micropipette Puller, Sutter Instrument Co.) 

Photometer (Eppendorf) 

Photostimulable phosphor screens (Fuji) 

Pipettes (Eppendorf) 

Polyacrylamide gel drier (Bio-Rad) 

Real Time TOptical Thermocycler (Biometra) 

SDS-PAGE chamber (BioRad) 

Sonicator (Branson Sonifier 450, Heinemann) 

Table top centrifuge mini spin (Eppendorf) 

Tecan infinite M200 plate reader (Tecan) 

Thermocycler (Biometra) 

Thermal shaker (Thermomixer comfort, Eppendorf) 

Vortexer (Vortex Genie 2, Scientific Industries) 

FACScalibur cell analyzer (BD Biosciences Singapore, FlowKon facility, University of Konstanz) 

X-RAD 225iX (PXi-Precision X-Ray, Bürkle lab, University of Konstanz) 

Consumables 

1.5 mL and 2 mL plastic tubes (Sarstedt) 

PCR tubes (Thermo Scientific) 

15 mL and 50 mL platic tubes (BD Bioscience) 

Cryovials (Cryo.s, Greiner bio-one) 

96-well microtiter plates (BD Bioscience) 

96 deep well plates (Sarstedt) 

10 μL, 200 μL and 1000 μL pipette tips (Peske, Biohit, Sarstedt, Bio-Tek) 

5 mL, 10 mL, 25 mL and 50 mL plastic pipettes (Sarstedt, TPP) 

Borosilicate glass capillaries (1.0 mm OD, 0.75 mm ID) (Hilgenberg) 
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Electroporation cuvettes 1 mm (Roth) 

Whatman paper (Bio-Rad) 

Nitrocelluloase Blotting membrane (Protrn 0.45 µm NC, Amersham) 

Gas permeable adhesive seals (Brand) 

Aluminium adhesive seals (Brand) 

Petri dishes (Sarstedt) 

Drigalski spatula (VWR) 

Inoculating loops (VWR) 

Microscope slides (VWR) 

Microscope cover glass (High precission 18x18 mm/ 24x60 mm) (Paul Marienfeld GmbH & Co. KG) 

Syringes (Henke Sass Wolf) 

Sterilizing filters (Sarstedt) 

Gloves (VWR, MaiMed) 

Worm pickers with titan loop (self-made) 

Lashes for worm picking (self-made) 

Plasmid construction for naturally occurring ribozymes in E. coli 

expression systems 

In case of the bacterial genetic context in E. coli the chosen HHR motifs were inserted 

into the 3´-UTR or the 5´-UTR of an enhanced green fluorescence protein (eGFP) 

reporter gene which is under control of a constitutive promoter. The constructed 

plasmids are based on the pQE-TriSystem (QIAGEN) that features an ampicillin 

resistance and the eGFP gene. The constitutive J06 promoter inserted was modified 

from Anderson library (http://parts.igem.org/Promoters/Catalog/Anderson) and 

drives eGFP transcription (final plasmid name pQE31-J06-eGFP, from B. Klauser 

BK31, now LW19). Sequences of the HHR motifs were subcloned into the 3´- or 5´-

UTR of the eGFP reporter gene. HHR motifs were inserted 31 nt downstream of the 

stop codon for the 3´-UTR constructs. For 5´-UTR constructs any discussed 

problems144, 166, 213-215 were tried to prevent by insertion of the HHR motifs 12 nt 

upstream of the SD site (AAGGAG) and 25 nt upstream to the start codon (AUG). The 

distance to the upstream promoter is 11 nt. Expression of eGFP in the E. coli system 

can be directly quantified. The insertion area of the ribozyme motifs is depicted in 

Appendix A Table 23. Insertion of ribozymes or secondary structures into 5´-UTRs 

for controlling of downstream gene expression is contrary discussed. In bacteria the 
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start codon as well as the SD site is necessary for initiation of translation. Therefore, 

alternative start codons within the 5´-UTR should not influence reporter gene 

expression. All designed 5´-UTRs were analyzed for alternative translation starts by 

the translation webtool http://web.expasy.org/translate/ to rule out the generation 

of upstream ORFs that could interfere with expression of the eGFP ORF. 

Additionally, possible alternative SD sites were manually searched upstream to 

introduced start codons. Alternative ORFs could be ruled out. The designed 5´-UTRs 

of the mRNAs were folded including the complete 5´-end and the HHR motifs until 

the start codon for detecting alternative secondary structures or for folds that would 

sequester the SD site214 via mfold (http://unafold.rna.albany.edu/). In the 

constructs used for our study, HHR motifs were folded properly and the SD site was 

not involved in secondary structures formations (data not shown). 

Ribozymes were inserted at the final position of the pQE-J06-eGFP plasmid by site-directed mutagenesis using primer pairs with sequence overlaps in the -

overhangs for sequence insertion (Table 11). 

Plasmid construction for transgenic C. elegans lines  

Active and inactive (A-to-G point mutation) variants of type 3 HHR from S. 

mansoni120and the tetracycline-dependent HHRs carrying different communication 

modules126 were inserted 16 nt downstream of stop codon of the mCherry reporter gene within the -UTR of expression plasmids pCFJ90202.The aptazyme sequence 

with K4 communication module126 was additionally inserted in the same manner 

into the pCFJ104 and pGH8202. In all constructs, aptazymes were insulated by - and 

-CAAA spacers126. 

To express mCherry ubiquitously we exchanged the promoter and -UTR of the 

pCFJ90 plasmid via Gibson Assembly cloning with those of the icd-1 gene amplified 

from genomic DNA. The aptazyme sequence with K4 communication module126 was 

inserted into the -UTR 16 nt downstream of the stop codon. For tandem switching, 

a second tetracycline-dependent ribozyme was inserted 9 nt upstream of the start 

codon via Gibson Assembly cloning. Alternative start codons within the ligand-

dependent ribozyme sequence were mutated from AUG to ACG by site-directed 

mutagenesis.  
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For construction of the inducible polyQ-Htt plasmids, the 25 Q Huntingtin exon 1 

and 109 Q Huntingtin exon 1 were subcloned from plasmids p109QHtt.EGFP-N1 and 

p25QHtt.EGFP-N1209 into the icd-1-mCherry plasmid via Gibson Assembly cloning. 

The active and inactive env-9 twister ribozyme, the theophylline- and 3-

methylxanthine dependent twister ribozymes were inserted via site directed 

mutagenesis in several steps into the -UTR of mCherry reporter of pCFJ90 plasmid 

16 nt downstream of the stop codon. The tetracycline-dependent HHR type 1 OFF-

switch was inserted into the pGH8 plasmid202 16 nt downstream of mCherry stop 

codon in two steps of site directed mutagenesis: First the HHR type 1 N107120 was 

inserted, in a second step the tetracycline-aptamer was inserted. Sequences of 

inserts are listed in Appendix B. Oligonucleotides and final plasmid constructs are 

listed in Tables above. 

Cloning via site-directed mutagenesis 

Site-directed mutagenesis was performed with Phusion Hot Start II polymerase PCR 

(Table 16, Table 17). Amplification products were digested with DPNI for 60 min 

at 37°C. Products were ligated by Quick ligase protocol from NEB. Ligated plasmids 

were purified by Clean & Concentrator kit (Zymo Research) and transformed into 

electro competent E. coli TOP 10 cells. 

 

Table 16| Reaction mix for site directed mutagenesis by Phusion PCR. 

concentration reagent volume [µL] final concentration 

5x HF Phusion buffer 
GC Phusion buffer 

10 1x 

2 mM  dNTPs (Fermentas) 5 0.2 mM 

5 µM primer A 6 0.6 µM 

5 µM primer B 6 0.6 µM 

10 ng/µL template plasmid 1 0.2 ng/µL 

100% DMSO 2 - 4 4% - 8% 

2 U/µL Phusion Hot Start II 
polymerase 

0.5 0.02 U/µL 

n/a H2O 17.5 – 19.5 ad 50 µL total volume 
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Table 17| Thermal program for Phusion PCR. 

 temperature [°C] time [s] cycles 

initial denaturation 98 30 1x 

denaturation 

annealing 

extension  

98 

58 - 72 

72 

10 

30 

20/kb 

 

25x 

final-extension 72 7 min 1x 

Cloning via Gibson Assembly 

Final construct designs and primers were constructed utilizing the online tool 

NEBuilder. Plasmid backbones and insert fragments were amplified by Phusion PCR 

(Table 17) standard Phu-protocol with 4% DMSO with PCR primers (Sigma-Aldrich, 

DST purified). Backbones were purified by gel electrophoresis and gel recovery kit 

from Zymo Research. Inserts as ribozyme/ aptazyme  ,   nt  
promoter/terminator or gene sequences were purified by Clean and Concentrator 

kit from Zymo Research. Assembly procedure was carried out with different 

backbone to insert ratios depending on the size of the insert. For inserts as 

promoters/terminators or gene sequences a vector to insert ratio of 1:3, with 50 ng 

vector was used. For inserts as ribozyme/ aptazyme  ,   nt  a vector to 

insert ratio of 1:10, with 50 ng vector was used. Gibson Assembly was carried out 

according to the manufacturer s protocol. A :  dilution of the assembled reaction 
mix was transformed into electrocompetent E. coli XL10 gold. 

Determination of DNA concentrations 

DNA sample concentrations were determined by a Tecan infinite M200 plate reader 

using the NanoQuant Plate.  μL of DNA samples were used for the determination of 
the concentrations.  μL of H O were used for blanking. 

Agarose gel electrophoresis 

For agarose gel electrophoresis agarose in % (w/v) was dissolved in 0.5x TBE buffer. 

Gels were run in 0.5x TBE buffer. Agarose (Standard for analytical gels and 

GTQ for purification gels - Roth) was dissolved in 0.5x TBE by heating the mixture 
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in a microwave. Midori Green (Nippon Genetics Europe GmbH) was poured in the 

gel for visualization of DNA bands. A dilution of 0.5% TBE was used as running 

buffer in the electrophoresis chamber. Samples for gel electrophoresis were mixed 

with 6x agarose loading dye and transferred into the gel pockets. 1% agarose gels 

were run at 130 V for 40 min. 1.5% agarose gels for DNA purifications were run at 

100 V for 2 h. All prepared gels were analyzed on a gel documentation device 

(BioDoc Analyse, Biometra, Analytik Jena).  

DNA sequencing 

Successful cloning via site-directed mutagenesis or Gibson Assembly was confirmed 

by sequencing by the GATC Biotech company, Konstanz, Germany. DNA samples 

were isolated by the Mini Prep kit (Zymo Research or QIAGEN). Sequencing mixes 

were prepared with 5 µL of 80 ng per µL DNA solution mixed with 5 µL of an 

appropriate sequencing primer solution.  

Transformation of plasmids into electrocompetent E. coli strains 

Cloned plasmid constructs were transformed into electrocompetent E. coli strains. 

A dilution of 1 µL plasmid solution was added to E. coli cell suspension thawed on 

ice. The mixture was transferred into a precooled electroporation cuvette and 

electroporated at 1800 V in an Eppendorf 2510 Electroporator. The mixture was 

directly transferred into prewarmed SOC medium and incubated for 1 h at 37°C. 

Cells were plated on LB-Carb agar plates and cultured overnight in a 37°C incubator. 

Microinjection into C. elegans 

Purified plasmids were microinjected into wild type C. elegans. Transgenic worm 

strains were generated using standard microinjection protocols216. For 

microinjection wild type worms were placed on a 0.025% agarose pad on a 

microscope slide. The pad was covered with 200 µL mineral oil. An injection mix was 

prepared containing co-injection marker, and DNA ladder additional to the plasmid 

of interest. In all samples the marker plasmid pPD152.79 (Addgene plasmid #1704) 
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with dpy-30-dependent GFP expression was coinjected for selection of transgenic 

worms. DNA was injected into wild type worms at .  ng/μL for pCFJ90 plasmid, 

pGH-8 plasmid and icd-1 constructs, 10 ng/µL for pCFJ104 plasmid and 50 ng/µL 

polyQ-fusion constructs. All samples were injected in presence of dpy-30::GFP ng/μL  and DNA ladder  ng/μL, GeneRuler 1 kb, Thermo Scientific). At least 

two similar and stable worm lines were generated per injection set up. The mix was 

adjusted to final 10 µL with elution buffer (EB from QIAGEN kit) and centrifuged at 

13,000 rpm (table centrifuge) for 20 min and 0.5 µL of the supernatant was filled 

into an injection needle (prepared by micropipette puller). Worms were injected 

into the distal germ line, recovered with a drop of M9+ buffer, transferred on NGM 

agar plates with food source and incubated at 20°C or room temperature for 

recovery. Plates were screened by fluorescence microscopy for transgenic filial 

generation F1. Transgenic progeny was individualized. F3 generation was selected 

for stable transgenic worm lines for assays and were stored in cryo stocks. 

X-ray irradiated genomically integration of C. elegans lines 

The established X-ray irradiation technique to integrate extrachromosomal arrays 

or stable transgenic worm lines into the worm genome referred to a protocol of the 

Caltech - Sternberg Lab (from Takao, California). Synchronized L4 larvae of stable 

extrachromosomal array C. elegans lines were irradiated with 20 Gy (70.0 KV, 37 

mA, 577 s, 1.25 mm Al, distance 39 mm; X-RAD 225iX). Irradiated worms were 

recovered on HG agar plates with food source for 6 generations. Single green 

fluorescence worms were selected for 100% transgenic progeny and backcrossed 

with male wilde type C. elegans at least twice. Therefore, heterozygous 

hermaphrodites of F1 were individualized after backcrossing and homozygous 

hermaphrodites were selected from F2 for a second backcrossing. Homozygous 

hermaphrodites were selected by the same procedure after each backcrossing. 

100% transgenic worm line was validated over several generations after final 

backcrossing. Alternatively, heterozygous males were individualized from 

F1generation after backcrossing and directly backrossed again. After final 

backcrossing heterozygous and homozygous hermaphrodites were selected as 
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described above. Integrants were validated by single worm PCR and stored in cryo 

stocks. 

Generating male C. elegans 

L4 hermaphrodite wild type C. elegans larvae were heat shocked for 4-7 hours at 

30°C in fan incubator. Worms were recovered at 20°C. After2 and 3 days cultures 

were checked for male C. elegans identified by smaller size and the male specific fan. 

Males can be cultures with hermaphrodites for extended needs in backcrossings. 

Single-worm PCR 

To verify genomically integration and stable transgenic worm lines in general, single 

worm PCR was performed following a protocol from Ian Chin-Sang (Queens 

University, Canada). 5 worms were transferred in a 200 µL PCR tube on ice with 

20 µL 1x Thermo Pol buffer with proteinase K in a mixture of 95 µL 1x PCR buffer 

and 10 µL 10 mg/mL proteinase K. The drop was centrifuged for 15 s at 6,000 rpm. 

The tube was frozen in liquid nitrogen for 1 h than incubated at 65°C for 90 min and 

heated to 95°C for 15 min for proteinase K inactivation. The obtained worm DNA 

was used as template for Taq PCR (Table 18 and Table 19). Primer pairs general fw -CAGGTAATCCTTCCAAAAACAAGTTTG- , polyQ fw -GGCGACCCTGGAAAAG 

CTGAT- and general rv -TCATGCCCATTGACAGATCCC-  were used. 
Amplification products were analyzed by agarose gel electrophoresis.  

 

Table 18| Reaction mix for single worm Taq PCR. 

concentration reagent volume [µL] final concentration 

10x Thermo pol buffer 5 1x 

2 mM  dNTPs (Fermentas) 5 0.2 mM 

100 µM primer A 1 0.6 µM 

100 µM primer B 1 0.6 µM 

n/a template plasmid 5 n/a 

5 U/µL Taq polymerase 1 0.05 U/µL 

n/a H2O 31 ad 50 µL total volume 
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Table 19| Thermal program for Taq PCR. 

 temperature [°C] time [s] cycles 

initial denaturation 95 2 min 1x 

denaturation 

annealing 

extension  

95 

55 

72 

30 

20 

60/kb 

 

32-35x 

final-extension 72 10 min 1x 

 

Overnight cultures and glycerol stocks of E. coli 

E. coli cultures were incubated overnight in 5 mL LB medium supplemented with 

with 5 µL carbencillin stock solution in 50 mL Falcon tubes at 37°C, 200 rpm under 

aerobis conditions.  

Glycerol stocks were prepared by mixing 500 µL of 50% (v/v) autoclaved glycerol 

with 500 µL of an overnight E. coli culture. The mixture was incubated at 37°C for 

30 to 60 min. Samples were stored at – 80°C. 

Maintenance and cryo stocks of C. elegans  

Stable C. elegans lines were cultivated on nematode growth medium (NGM) agar 

plates spotted with food source. E. coli OP50 cultures are used as food source grown 

overnight in LB medium containing 50 µg/mL Kanamycin at room room 

temperature or 37°C and spotted (100 µL) on NGM plates. The plates were stored at 

4°C until use for several weeks. C. elegans cultures were kept at 15°C or 20°C for 

maintenance. Cultures were refreshed by transferring 5 to 10 transgenic worms on 

a fresh, spotted NGM plate.  

For cryo stock storage, starved NGM plates containing many transgenic L1 larvae 

and dauer larvae were washed down with 2 mL S-buffer into a 15 mL Flacon tube. 

Equal volume of S-Buffer+ was added. 1 mL of the mixture was transferred into a 

cryovial. Worms were slowly cooled down (at least 12 h) to – 80°C. 

For gene expression assays NGM plates without peptone were used (using NGM 

plates does not make any difference). Therefore, E. coli OP50 food source was 

treated differently. A liter of E. coli OP50 overnight cultures were concentrated in 50 
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mL and 100 µL of concentrated bacteria suspension was spotted on peptone free 

NGM plates for assays. Plates used in assays were spotted one day before use. For 

tetracycline-dependent assays tetracycline   %, Sigma-Aldrich, 87128) was 

dissolved in sterile water (500 µM stock solution) and added to peptone-free NGM 

growth medium immediately prior to pouring plates (~50°C). Alternatively, 

tetracycline was added to solid peptone-free NGM plates. Plates dried over night at 

RT in the dark. Plates were stored in the dark at 4°C and used within one week. 

Plates were spotted were seeded with 20x concentrated E. coli OP50 culture. one 

day before use.  

In vivo gene expression analysis and quantification in E. coli 

Experiments were performed using the E. coli Top10 strain. All plasmids were 

transformed by electroporation. Bacterial cultures were cultivated in 24-well cell 

culture plates in 1 mL LB medium supplemented with 100 µg/mL carbenicillin. For 

in bulk eGFP expression measurement, bacterial colonies were grown to stationary 

phase (20 h) at 200 rpm and 37°C in an Infors HT Ecotron shaker starting from a 

preculture. 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: 488 nm, emission wavelength 

535 nm). Fluorescence values were corrected by normalization to OD600 values. An 

equally treated culture which did not express any eGFP was used for subtraction of 

background fluorescence. All experiments were performed in biological triplicates 

and error bars represent standard deviations. 

Fluorescence gene expression assays in C. elegans 

Worms were grown on peptone-free NGM agar poured with different tetracycline   %, Sigma-Aldrich, 87128) concentrations as described above. Worms were 

grown on tetracycline plates from hatch for three days at 20°C on E. coli OP50 as 

food source. Animals were imaged for mCherry expression. Transgenic worms were 

collected for immunoblotting. The analyses were repeated three times for two 

individual worm lines. 
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Microscopic imaging 

For fluorescence microscopy with a DM6000B-Cs microscope (Leica) with a DFC 

365FX camera (Leica). The worms were immobilized with 1% sodium azide in M9 

buffer at specified ages. For analysis of the subcellular localization of mCherry and 

inclusion bodies, the worms were anesthetized with 25 mM levamisole (LKT 

Laboratories) and fluorescence was assessed on a 3% agarose pad with a confocal 

laser-scanning microscope TCS SP8 (Leica) with a 63x objective. Images were 

adjusted as necessary in Fiji (Image J) using cropping, brightness and contrast tools. 

Immunoblotting 

Samples with 20 semi-synchronized worms were stored in 20 µL SDS-lysis buffer 

with protease inhibitor cocktail (Roche) at - 80°C. Samples were thawed on ice and 

sonicated for protein extraction (constant, output 2, 10 pulses). After boiling at 99°C, 

3 min, 950 rpm and cooling on ice, samples were centrifuged 5 min, 13,000 rpm. SDS 

loading buffer was added to adjusted sample supernatant and samples were boiled 

again at 99°C, 3 min, 950 rpm. Separation of proteins was achieved by a 10% bis-

Tris gel (10 min 100V than 30 min 155 V) in 1x MOPS buffer. Separated samples 

were electroblotted (100 V, 1 h) onto a nitrocellulose membrane by wet blot method 

in 1x WB buffer. Membrane was washed with 1x TBS-T, blocked with 5% (w/v) milk 

in 1x TBS-T, washed again with 1x TBS-T and incubated with primary (overnight, 

4°C) and secondary antibodies (2 hrs room temperature) according to standard 

protocols. Primary monoclonal antibody against full-length mCherry (mouse) were 

diluted 1:5,000 in 1x TBS-T. Primary monoclonal antibody for expression control 

was Actin (mouse) diluted 1:10,000 in 1x TBS-T. Secondary anti-mouse HRP was 

diluted 1:10,000 in 1x TBS-T. Blots were finally washed twice with 1x TBS-T. Signals 

were visualized with a mixture of ready-to-use ECL solution. 

Brood size and development assays with C. elegans 

Worms were cultivated at 20°C as in gene expression assays. 20 animals in larval 

state L4 were placed on plates w/wo tetracycline and with food source. Brood 
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(hatched larvae) were counted over four days of incubation. Brood size experiments 

were done to analyze tetracycline effects on wild type C. elegans. The analyses were 

repeated three times. Brood size calculated per adult was normalized to 0 µM 

tetracycline control as 100%. For development assay worms were grown as in the 

gene expression assays. After 3 days the animals were imaged with a Leica 

microscope with a CCD-Microscope camera DFC 365FX (Leica). 

Live-animal flow cytometry of C. elegans 

C. elegans cultures were synchronized by hypochlorite bleaching for 4 min (250 mM 

NaOH, 20% (v/v) bleach sodium hydrochlorit solution in H2O), washing in M9 buffer 

and hatching overnight in M9 buffer. Worms, starting from L1 larval level were 

cultivated in40 mL S-medium (with 10 µM tetracycline from 30 mM stock in 100% 

ethanol) at 20°C, 100 rpm for 72 hand harvested as described before217. 

Tetracycline was added to liquid cultures at indicated developmental stages directly 

from a 1000x stock in ethanol. Cultures were washed twice with M9 buffer and 

analyzed in a COPAS Flow Pilot, FOCAS 250 µm (Union Biometrica) by a 488 nm 

laser for GFP and a 561 nm laser for mCherry excitation. Fluorescence of mCherry 

was recorded in worms that were gated using time of flight (TOF) and the 

tetracycline-independent GFP expression. For analysis the FlowJo10 software 

(provided by the FlowKon facility, University of Konstanz) was used. Fold changes 

were calculated. Mean mCherry fluorescence of background controls using wild type 

worms was subtracted from samples. Tetracycline-controls were normalized to 

untreated for fold-changes.  

Flow cytometry analysis of E. coli cultures 

For flow cytometric single-cell analysis E. coli bacterial cultures were grown to 

stationary phase as described before. 1 mL of culture was harvested, pelleted and 

washed in 1x PBS. Finally, the pellet was dissolved in 1.5 mL 1x PBS and analyzed 

with a FACScalibur cell analyzer (BD Biosciences Singapore, FlowKon facility) by 

using a 488-nm argon laser for excitation. Fluorescence of 100,000 cell counts was 

detected through FL-1 band pass filter with photon multiplier tube voltage of 880. 
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Additionally, forward scatter (FSC) and side scatter (SSC) were measured. Signals 

were amplified with the logarithmic mode. All cytometric data were gated and 

analyzed with the CellQuestPro software. Populations were compared in histograms 

with counts plotted against FL-1 signal.  

Reverse-transcription quantitative real-time PCR 

Total RNA was isolated using the QIAGEN RNeasy Mini Kit with additional 

RNAprotect Bacteria Reagent and RNase-Free DNase Set. Total RNA was purified 

from late exponential growth cultures, cultivated in 1 mL LB-Carb media, 24-well 

system, inoculated from overnight culture to OD600 of 0.1. Samples were grown in 

biological triplicates at 37°C, 200 rpm until an OD600 of 1.2. According to the QIAGEN 

protocol 5x108 cells were harvested and incubated with doubled volume of 

RNAprotect Bacteria Reagent for 5 min at room temperature. The cells were pelleted 

by centrifugation for 15 min 5000 x g and supernatant were carefully removed, 

before freezing at – 80 °C until use. Twenty samples were further treated in one go, 

first thawed on ice. Cell pellet was lysed by addition of 13.5 U proteinase K 

(Fermentas) and 60,000 U lysozyme (Roth) in 1x TE buffer, carefully resuspended 

and incubated 10 min at room temperature. RNA was purified using the provided 

protocols from QIAGEN for bacterial cells. An on-column DNA digestion was 

performed during RNA purification following the provided protocol of QIAGEN. 

Finally, RNA was eluted with 30 µL DEPC treated water and nucleic acids were 

quantified first by Tecan infinite M200 with Nano Quant Plate (software Tecan i-

control). Purity of samples was given by A260/A280 ratio of > 2. Second RNA was 

separated by 0.8% agarose gel electrophoresis and bands were visualized by a 

peqGreen dye in the Amersham Imager 600 with band volume detection (GE Healthcare, data not shown . The ratios of S rRNA to S rRNA were around  .  
for 5´-UTR and  .  for ´-UTR RNA samples, pointing towards good RNA 

integrity218. Synthesis of cDNA and non-reverse transcribed controls (NTCs) were 

directly performed using 1 µg total RNA and the QuantiTect® Reverse Transcription 

kit (QIAGEN). The samples were stored at – 20 °C.  
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Primer specificity and efficiency for semi-quantitative RT-PCR was determined. The 

data set of quantitative RT-PCR (qPCR) presented derived from second time thawed 

cDNA samples. For detection of eGFP target gene forward primer 5´-GAAGGAGATA 

TACCATGGGCCATCA and reverse primer 5´-GCTGAACTTGTGGCCGTTTAC (target 

length 164 nt) were used. The reference gene ssrA (miscRNA) was amplified by 

forward primer 5´-ACGGGGATCAAGAGAGGTCAAAC and reverse primer 5´-

CGGACGGACACGCCACTAAC (target length 65 nt). qPCR runs were performed on a 

TOptical thermocycler (Biometra, Analytic Jena) in 96 well plates with a final 

volume of 10 µL with 0.5 µL cDNA from synthesis in GoTaq® qPCR Master Mix 

(Promega). The following thermocycler parameters were used: initial denaturation 

at 95°C, 2 min; denaturation 95°C, 15 s, annealing and extension at 60°C, 60 s in 35 

cycles. A first dilution row showed inhibition for 100% cDNA used, however a 10-

fold dilution of cDNA could be used for further analysis. Primer efficiency and 

specificity were tested within a dilution row of 10 % to 0.01 % of cDNA synthesis 

concentration (Appendix A). The qPCR efficiency (E) was calculated with the slope 

of dilution curves depicted, according to the equation: E = 10[-1/slope]. E values of 

1.97 and 2.06 were determined for ssrA and eGFP, respectively (Appendix A Figure 

34). Specificity of qPCR was determined by melting curve analysis performed after 

the final extension, starting from 65°C up to 98°C. Melting temperatures were 81.8°C 

for ssrA and 85.6°C for eGFP. All following samples were measured with the same 

primer and enzyme mixes for PCR reaction. Cqs were determined using the qPCR 3.2 

software (Biometra, Analytik Jena). A water control was added to each plate. The 

parental expression construct lacking ribozyme sequences was used for comparison 

to a non eGFP expressing plasmid system in TOP 10 E. coli cells and was added to 

every qPCR run on the plate as additional internal control. Outlier samples were 

determined by their melting curves or by comparing with No-template control 

(NTC) values (distance at least ~10 Cq). Samples were further analyzed by delta-Cq method, leading to a ∆Cq = Cq (sample) – Cq (reference gene). Established and 

comparable primer efficiencies allowed for further description of relative 

expression ratios to reference gene given by the formula ratio = 2-∆Cq, with ∆Cq = 

Cq(eGFP) - Cq(ssrA), and 2-∆∆Cq indicating the relative changes between constructs 

containing of active versus inactive HHR motifs. Significance was tested with 
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unpaired t-test two-tailed with not significant ns  . , p < .  *  and p < .  
(***). 

In vitro transcription and cleavage kinetics 

All HHR motifs (active and inactive variants) were PCR-amplified with Phusion 

polymerase (NEB) using DNA templates containing a T7 promoter and the 

respective HHR sequence (Table 20). DNA concentration was determined with 

OligoCalc online tool. For measuring cleavage during transcription according to 49 

200 nM of PCR products were in vitro transcribed using T7 RNA polymerase (NEB) 

in 1x Thermo Scientific transcription buffer with 6 mM MgCl2, 25 mM NTPs (C, G, U), 

1 mM ATP and 5 µCi 32P--ATP, with 80 U RiboLock RNase inhibitor (Thermo 

Scientific) and 0.15 U PPase (Thermo Scientific). Reaction samples were incubated 

at 37°C. The cleavage and transcription reaction were quenched with loading buffer 

(80 % [v/v] formamide, 50 mM EDTA (pH 8.0), 0.025 % [v/v] bromphenol blue and 

0.025 % [w/v] xylene cyanole) after defined time points. The cleavage reaction 

mixtures were separated by 8 % PAGE. Bands were visualized by phosphorimaging. 

Data were normalized to the number of A residues per fragment (*). Intramolecular 

cleavage rates were determined by plotting L/(L+S*) with full-length transcript (L) 

and cleaved product (S) as a function of time. Data were fitted unbiased to a single 

exponential decay according to the equation Y=Y0 + A exp(-x/t) with a measured 

goodness-of-fit by R-squared (R2, COD) statistics. The rate constants kobs were 

determined. 
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Table 20| Transcription templates for in vitro ribozyme cleavage kinetics. 

HHR motif PCR product for transcription (bold = T7 promoter, cleavage site marked 

by (-), HHR sequence underlined, bold grey = inactivation site (A to G) 

R. intestinalis 
GAAATTAATACGACTCACTATAGGGAGcaaaATATTAAGCCGAAACGCTCCGATCTGGAG
CGTC- 
AGCTGCGGACCGGTCGCCGCGGCTCTGACGATGGCAGACCAA 

SewR3-00810s-1 
GAAATTAATACGACTCACTATAGGGAGcaaaAGGAAGAAGAGGATAACAGTCGAAACTCC
CTTGACCGGGAGTC-TACCGGGCTTGCTCTCCCGGTACTGATGAGACAGAGCAACA 

A. thaliana 
GAAATTAATACGACTCACTATAGGGAGcaaaTGGTC-
GTGATCTGAAACTCGATCACCTGATGAGCTCAAGGCAGAGCGAAACCA 

Marine 
metagenome 

GAAATTAATACGACTCACTATAGGGAGcaaaGCGTGTC- 
GGCCACGGCCCCTTCTGGACCTCGTCCGTGGCCCTGACGAGTAGGGTCCAGAGGGGACGAA

ACACGC 

Mouse 
metagenome 

GAAATTAATACGACTCACTATAGGGAGcaaaGGTACCGAATAAATCCCCTGATGAGCAAC

GGTGAGAGCCGGCGAAACTACCCAAACAAGGGTAGTC-

GGGATAGTACCATAAATGGTAAGTGGAGAACCTATTGGGTATTAAAGAGGAGAAGGTACC 

Y. lipolytica 

GAAATTAATACGACTCACTATAGGGAGcaaaGGGGGACTGGCTGCCCTGATGAGAACAAA

CCCATGACTAGCGTCGAAACATCAACAGTGGGGGCTGTTGGTGTC-

GGCAGCCACTAGTCATAAATGGTAAGTGGAGAACCTATTGGGTATTAAAGAGGAGAAGGT

ACC 

sLTSV(-) 

GAAATTAATACGACTCACTATAGGGAGcaaaGACGTA- 

TGAGACTGACTGAAACGCCGTCTCACTGATGAGGCCATGGCAGGCCGAAACGTCATGGTAA
GTGGAGAACCTATTGGGTATTAAAGAGGAGAAGGTACC 

CChMVd(-) 

GAAATTAATACGACTCACTATAGGGAGcaaaTTCCAGTC- 

GAGACCTGAAGTGGGTTTCCTGATGAGGCTGTGGAGAGAGCGAAAGCTTTACTCCCGCACA

AGCCGAAACTGGAAATGGTAAGTGGAGAACCTATTGGGTATTAAAGAGGAGAAGGTACC 
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Appendices 

Appendix A 

Sequences of the selected naturally occurring hammerhead ribozyme 

motifs in different contexts 

Table 21| DNA sequences of the selected HHR motifs. Start codons are highlighted in red and 3´-end after 
cleavage is underlined. 

HHR motif Sequence with potential start codons coloured in red, cleaved ’end underlined 

Mouse gut 
metagenome 

GGTACCGAATAAATCCCCTGATGAGCAACGGTGAGAGCCGGCGAAACTACCCAAACAAGGG
TAGTCGGGATAGTACCATAA  

Yarrowia 
lipolytica 

GGGGGACTGGCTGCCCTGATGAGAACAAACCCATGACTAGCGTCGAAACATCAACAGTGGG
GGCTGTTGGTGTCGGCAGCCACTAGTCATAA 

Roseburia 
intestinalis 

ATATTAAGCCGAAACGCTCCGATCTGGAGCGTCAGCTGCGGACCGGTCGCCGCGGCTCTGAC
GATGGCAGACCAA 

SewR3-
00810s-1 

AGGAAGAAGAGGATAACAGTCGAAACTCCCTTGACCGGGAGTCTACCGGGCTTGCTCTCCCG
GTACTGATGAGACAGAGCAACA 

sLTSV(-) GACGTATGAGACTGACTGAAACGCCGTCTCACTGATGAGGCCATGGCAGGCCGAAACGTC 

CChMVd(-) 
TTCCAGTCGAGACCTGAAGTGGGTTTCCTGATGAGGCTGTGGAGAGAGCGAAAGCTTTACT
CCCGCACAAGCCGAAACTGGAA 

Arabidopsis 
thaliana 

TGGTCGTGATCTGAAACTCGATCACCTGATGAGCTCAAGGCAGAGCGAAACCA 

Marine 
metagenome 

GCGTGTCGGCCACGGCCCCTTCTGGACCTCGTCCGTGGCCCTGACGAGTAGGGTCCAGAGGG
GACGAAACACGC 
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Table 22| Genomic location and blasts of the HHR motif selection in their original organisms. Genomic locations 
of selected HHR motifs in their original organism context were blasted using nucleotide BLAST tool 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignments and gene annotations were extracted from blast results. 
Localisations and gene surrounding are demonstrated in the following table. Every selected HHR motif has a 
natural intergenic location. For the three HHR motifs of the Mouse gut metagenome, SewR3-00810s-1, and 
Marine metagenome no origin-localizations could be done so far. 

 

 

 

 

 

upstream gene
distance to 

upstream gene [nt]

distance to 

downstream gene 

[nt]

downstream gene

Mouse gut 

metagenome

DNA from fecal 

samples of mice

Y. lipolytica CLIB122, 

chromosome A, 

1073559 to 1073650

complement 

YALI0_A10461g, 

pseudo, part. start, 

part. stop

800 4633
complement 

CAG83873.1

Y. lipolytica  

CLIB122, 

chromosome A, 

926754 to 926845,                     

2 mutation sites

complement 

YALI0_A09361g, 

pseudo, part. start, 

part. stop

859 1741
complement 

CAG83827.1

Y. lipolytica  

CLIB122, 

chromosome D, 

1990467 to 1990558,                    

1  mutation site

YALI0_D16054t 263 4515

YALI0_D16038g, 

pseudo, part. start, 

part. stop

Y. lipolytica  

CLIB122, 

chromosome D, 

1831981 to 1832072,                   

2 mutation sites

complement 

CAG81032.1
4133 2719 CAG81031.1

Y. lipolytica  

CLIB122, 

chromosome C, 

2071686 to 2071777,                   

1  mutation site

divergent 

CAG82161.1.1
7306 2915

complement tRNA-

Ser

R. intestinalis

saccharolytic, 

butyrate-

producing, gram-

positive bacterium

R. Intestinalis 

M50/1 draft 

genome,          

3976828 to 3976902

CBL10707.1 

hypothetical 

protein

- 30

CBL10708.1 

hypothetical 

protein

SewR3-00810s-1
uncultured 

organism clone

sLTSV(-)
lucerne transient 

streak virus

CChMVd(-)

chrysanthemum 

chlorotic mottle 

viroid

A. thaliana 

chromosome 4, 

15027830 to 

15027882

complement SDG4 214 545
MUS81 

(endonuclease)

A. thaliana 

chromosome 4, 

15032895 to 

15032843,                2 

mutations

AT4G30872 (RNA) 83 245

complement 

MUS81 

(endonuclease)

Marine metagenome
DNA from marine 

environment
no characteristics known so far 

interspersed repeat elements, intergenic 

HHRs within Y. lipolytica  WSH-Z06 

chromosomes YALIOA, YALIOF, YALIOC, 

YALIOD and Y. lipolytica  CLIB122 

chromosomes A, D, C and F

fungusY. lipolytica

A. thaliana plant

HHR-containing sequences are expressed in 

various tissues, found in intergenic in 

tandem like position

form HHRs in both polarity strands, likely 

involved in rolling circle mechanism

form HHRs in both polarity strands, likely 

involved in rolling circle mechanism

-

-

single intergenic HHR between two 

hypotheticla genes, associated with 

bacteriophage related sequences

HHR motif

gene surrounding

no characteristics known so far 

no characteristics known so far 

HHR motif type (intragenic, intergenic, 

repeat element, etc.
Organism type position
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Table 23| Insertion area of the selected HHR motifs in expression systems for E. coli constructs. HHR motifs 
depicted in Table 21 are inserted as shown here. Start or stop triplets are depicted in bold. Additional flanking 
areas are italic. SD site (13 to 7) is underlined. 

Organism expression system Insertion area of HHR motifs in 5’3’ direction 

E. coli (3’-UTR) 

TAAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA- HHR motif 

– GCTGAGTTGGCTG 

E. coli (5’-UTR) 

Promoter-ACTAGTGGACG- HHR motif –TTTAGCTTTAAG-

AAGGAGATATACCATG 

 

Primer efficiency test for qPCR 

 
Figure 34| Determination of primer efficiencies for qPCR. The amplification rate (E) for GFP and ssrA primer pairs 

were tested and calculated with the slope of dilution curves depicted, according to the equation: E = 10[-1/slope]. 

Transcripts showed values of E(ssrA), 1.97 and E(eGFP), 2.06, displaying doubling of RNA. According to that RNA 

levels can be calculated with 2-∆Cq. 
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Appendix B 

Tetracycline-dependent HHR type 1 in C. elegans 

 
Figure 35| A tetracycline-dependent ribozyme (Rz) as neuronal OFF-switch in C. elegans. (a) Plasmid 
construction for tetracycline-dependent OFF-switch as published by the Zhong group139. Stem 3 of the HHR type 
1 from S.mansoni (Sm) is opened and fused to the tetracycline-binding aptamer by replacing stem P2 by the 
depicted communication module. White bases are parts of the HHR type 1 or the tetracycline-aptamer included 
in the design strategy. (b) Schematic of the in vivo tetracycline-dependent Rz OFF-switching as published by the 
Zhong group139. The inactive Rz fused by a communication module (gray) to a tetracycline (Tc)-dependent 
aptamer domain by replacing stem P2 of the aptamer by the ribozyme red  and integrated into the -UTR of a 
gene of interest (goi) gene expression in absence of the ligand. Binding of tetracycline to the aptamer domain 
and the resulting conformational change of the structure activates the Rz and therefore cleavage, resulting in 
decrease of gene expression due to degradation of the transcript. (c) Stable worm line reporting mCherry 
expression without addition of tetracycline. No conditionally OFF-switching upon addition of 10 µM Tc (3 days, 
20 °C). Fluorescence microscope (FL), (BF) bright field, stack of 5 worms, scale bar 0.3 mm. 
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Tetracycline effects in wild type C. elegans 

 
Figure 36| Visualization of tetracycline effects in GFP channel. The worms fully developed from hatch over 3 
days incubation at 20°C and oral uptake of tetracycline poured in the agar in different concentrations. With 
25 µM tetracycline treated worms were used for maximal exposure time to reach a good visible signal. In the 
mCherry channel only non-inducible autofluorescence can be detected. Additionally, a tetracycline-Krägelchen 
(collar) is formed located at the junction from pharynx to the intestine. Fluorescence microscope, (BF) bright 
field, 5er stacks, scale bar 0.3 mm.,  

An inducible ubiquitous expression system in C. elegans 

A new plasmid was constructed with the strong ubiquitously expressing icd-1 

promoter. Therefore, the pCFJ90 plasmid was reconstructed to generate a strong 

ubiquitous expression system. Successively, different constructs were analyzed to 

test the newly incorporated sites. The commercially available C. elegans plasmids 

mostly use the unc54 3´-UTR for expression control in diverse tissues. Here, the 

icd-1 3´-UTR was analyzed in combination with a pharyngeal expressing promoter 

and a ubiquitous expressing promoter to demonstrate its performance in diverse 



 
120 
 

tissues. The icd-1 promotor was studied in combination with either the unc54 or icd-

1 3´-UTR to see the influence of the 3´-UTR on the switching performance. 

Finally, the ubiquitous expression system was set up with the ubiquitous expressing 

icd-1 promoter and the belonging icd-1 3´-UTR. 

The different combinations were analyzed step by step. First, the icd-1 3´-

UTR was analyzed in combination with the pharyngeal expressing promoter myo-2 

subcloned in the pCFJ90-plasmid controlled by the 3´K4 aptazyme embedded the 

icd-1 3´-UTR (Figure 37a). The icd-1 3´-UTR showed a tight regulation in 

combination with the aptazyme in response to 10 µM tetracycline. Second, the 

ubiquitously expressing icd-1 promoter was analyzed in combination with the 3´K4 

aptazyme embedded in the original unc54 3´-UTR (Figure 37b). Ubiquitous ON-

switching was detected in response to tetracycline with a rather high basal 

expression signal. Finally, mCherry expression control of the icd-1 promoter in 

combination with the 3´K4 ON-switch embedded in the icd-1 3´-UTR was analyzed 

(Figure 28). The results demonstrated a tight influence of the icd-1 3´-UTR on the 

switching performance. Therefore, the combination of both icd-1 promoter and icd-

1 3´-UTR were used for final inducible ubiquitous expression models in C. elegans. 

 Another step to optimize the conditional gene expression control system was 

done. A second aptazyme inserted into the 5´-UTR of a reporter gene could enhance 

degradation of the eukaryotic transcript by cutting of both protective sites, the 5´-

cap and the poly(A) tail. Therefore, basal expression could be further decreased. A 

second tetracycline-dependent (K4) HHR aptazyme was inserted into the 5´-UTR of 

mCherry. Mutation of the AUG triplet to the ACG triplet within the 5´-aptazyme 

excluded interference with the choice of translation start site. The tandem 

aptazymes (5´3´K4) showed similar enhancement of mCherry expression compared 

to the single aptazyme embedded in the 3´-UTR (3´K4) (Figure 37c and Figure 

28b). No absolute difference in basal expression was detected with the tandem-

aptazyme compared to the single-aptazyme system (Figure 28b). Insertion of the 

5´-aptazyme not obviously optimized the conditional gene expression control 

system.  

Together, the icd-1 3´-UTR demonstrated a tight regulation in both 

expression systems. Ubiquitous expression system was tightly regulated by the final 

constructs utilizing both sides icd-1 promoter and icd-1 3´-UTR. Only weak basal 
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expression was measured without tetracycline. The construct with only one 3´K4 

aptazyme embedded in the 3´-UTR is clearly the easier design for further 

applications, thus only a single cloning step is required for insertion of the switch. 

 

 
Figure 37| Plasmid design for ubiquitous tetracycline-dependent gene expression control in C. elegans. 
Optimization towards ubiquitous expression control by (a) exchange of the promoter to a icd-1 promoter and 
(b) testing the icd-1- -UTR, resulting in a new model system utilizing the icd-1 promoter and icd-1- -UTR for 
strong ubiquitous mCherry expression. (c) Switching upon addition of 10 µM Tc (3 days, 20 °C) by the 
tetracycline-dependent HHR (K4; (BF) bright field, fluorescence microscope (FL), 5er stacks, scale bar 0.3 mm.  
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Live-animal flow cytometry analysis of aptazyme-dependent mCherry 

induction 

 
Figure 38| Live-animal flow cytometry of synchronized L1 larvae fed with different concentrations of 
tetracycline. Fluorescence of mCherry was recorded every 24 h until adulthood. (a) Gating by time of flight (TOF) 
and independent GFP fluorescence. Example of mCherry induction by 5 µM tetracycline (red) after 48 h with 
300 gate counts. Fold-inductions after (b) 24 h, (c) 48 h and (d) 72 h incubation with 0 to 40 µM tetracycline 
were calculated by subtracting background fluorescence measured with wild type C. elegans; error bars show 
standard deviation. 

 
Figure 39| Live-animal flow cytometry analysis revealed aptazyme-based switching of mCherry expression in 
all developmental stages of the worm, from larval level L1 to adult worms. Induction by 10 µM tetracycline (red) 
was measured after 24 hours starting from (a) larval level L1 (total 300 counts), (b) L2/3, (c) L4/young adults, 
and (d) day 1 adult worms; counts of 1000 worms; gating procedure as depicted above.  



 
   123 
 

Induced non-soluble 109 polyQ aggregates 

 
Figure 40| Immunoblot analysis of RFP-positive Htt109Q-mCherry fusion proteins. RFP-positive aggregates 
accumulated in the stacking gel from transgenic C. elegans lines only when induced with 10 µM tetracycline.  

Sequences for C. elegans plasmid constructions 

List of DNA sequences inserted for final plasmid construct as described in Materials 
and Methods.  
 
HHR type 3 active with insulator sequences ((CAAA)3 spacer), 85 nt 
5’-CAAACAAACAAAGGCGCGTCCTGGATTCCACGGTACATCCAGCTGATGAGTCCCAAATAGGACG 
AAACGCGCTCAAACAAACAAA-3’ 
HHR type 3 inactive with insulator sequences ((CAAA)3 spacer), 85 nt 
5’-CAAACAAACAAAGGCGCGTCCTGGATTCCACGGTACATCCAGCTGATGAGTCCCAAATAGGAC 
GAGACGCGCTCAAACAAACAAA-3’ 

’ K Final construct ( -UTR) with insulator sequences ((CAAA)3 spacer), 132 nt; aptamer with 
communication module underlined 
5’-CAAACAAACAAAGGCGCGTCCTGGATTCGTACAAAACATACCAGATTTCGATCTGGAGAGGTGAAG 
AATACGACCACCTGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTCAAACAAACAAA-3’ 

’ K Final construct with insulator sequences ((CAAA)3 spacer), 134 nt 
5’-CAAACAAACAAAGGCGCGTCCTGGATTCGTATCAAAACATACCAGATTTCGATCTGGAGAGGTGAA 
GAATACGACCACCTGGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTCAAACAAACAAA-

3’ 
’ K7Final construct with insulator sequences ((CAAA)3 spacer), 132 nt 
5’-CAAACAAACAAAGGCGCGTCCTGGATTCGTGCAAAACATACCAGATTTCGATCTGGAGAGGTGAAGA 
ATACGACCACCTGTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTCAAACAAACAAA-3’ 

’ K19Final construct with insulator sequences ((CAAA)3 spacer), 134 nt 
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5’-CAAACAAACAAAGGCGCGTCCTGGATTCGTGGTAAAACATACCAGATTTCGATCTGGAGAGGTGAAG 
AATACGACCACCTACTACATCCAGCTGATGAGTCCCAAATAGGACGAAACGCGCTCAAACAAACAAA-3’ 
env-9 twister ribozyme active (60 nt) 
5’-TAAAGCGGTTACAAGCCCGCAAAAATAGCAGAGTAATGGGAAACCATTAATGCAGCTTTA-3’ 
env-9 twister ribozyme inactive (60 nt) 
5’-TAAAGCGTGTACAAGCCCGCAAAAATAGCAGAGTAATGGGAAACCATTAATGCAGCTTTA-3’ 

Theo-env-9 twister ribozyme (81 nt) 
5’-TAAAGCGGTTACAAGCCCGCAAAAATAGCAGAGTAAGACATACCAGCCGAAAGGCCCTTGGCAGGTT 
TTAATGCAGCTTTA-3’ 
3-MX-env-9 twister ribozyme (81 nt) 
5’-TAAAGCGGTTACAAGCCCGCAAAAATAGCAGAGTAAAGCATACCAGCCGAAAGGCCATTGGCAGG 
TTTTAATGCAGCTTTA-3’ 
Tet-HHR type 1 (Tc40 on N107 HHR type 1)  
5’-CTGAGGTGCAGGTACATCCAGCTGACGAGTCCCAAATAGGACGAAAGGGAGAGGTGAAGAATACG 
ACCACCTAGGCTCGAAAGAGCCTAAAACATACCTTCCTGGATTCCACTGCTATCCAC-3’ 
icd-1promoter, kindly provided by M. Gamerdinger (859 nt) 

5’-GTATTGAAAAGTAAAATTGGGAACTTGTTTTACTAGCAATATAGCAATGGCCCGCC 
TTTGAGAGAATTGCTATGGAGATTTAATACAAACAAAACGACAATTGCCGGAGCGGCGA

TCGATTAACAGCGAGCTGGCGAAACACGGAGCACGTTAAGAAGGCATTGCTTCGAATGA

AAGATTGCGATAAGTACGTTGCGGGAAAGGGTAGTGAATTGAAAAGAAAATTCAAAAGA

AAATGAGGAAAGAAGGAGTTTCTAAACTAGAATTTCACAACTTAAATAAAGCCCAGAAA

CCCTTGTGATTCATGGTATGGCAGAACGAGACAGCGAGAAAATTGCGAAATAGCTTTGA

CATTTTAATGATGAAGCGAGATATAGAGAAATAGAGAAAGAAAGGAGTATGAGAAACGA

CGAGACAGAGAGGGTGAGAGGAAAACGACTGGCAGCAAGCCAGATTCTGCGTATGTGCC

CCTTACCCCTATATCAAGAAATTTTAAAGCAAGGGGCACATACGCACGGAATGTTCGGG

TCTCGCGAAAAAATTTTCTACCGTTTCGGTGATTTTTTCTGAATTTCATTGTTTTTGAC

TTCTTTCTATCTTTTTAGATTCTATTTCATTATTGTTTACACCATTTTCATAATTTTCT

GTCGATCTCGTAGGTGTATTCGTTTCCGTGCCTGAATTTAGGCTAAAACTGATTCGATT

GATAAACTTACATTTCCGTTTTTCGCGTTTGTCCGCATTTTCCCCGTCCCTTTGTTATT

TTAGGAATAAATATTCTTAACTGGCTTTATCCTTTTTGTTCTCACGTTTTCACGTCTTT

AATTATATTTTTCGTCTTCAGGTAATCCTTCCAAAA-3’ 
icd-1 3’-UTR, kindly provided by M. Gamerdinger (404 nt) 

5’-GATCTTCGAACCTATCACTACCCTTTCATCGACCAATTCGCGAGTTTTGTGAGA 
TGAACGGTACGGATAGCATCCGCATTAGTATATCCCATTTTTCTTGTTACTGTTGATCG

ATTTCAATGAATCTCTTTAAAAAAATACTTGCTCTGTCACCTTTTTTTCCGCCCCCATT

AGTGTTCGTTGTTATACTTGTTTTGTATACAAATTTATTCCCGATCCTCAAATGGCTAA

TAAATGTTAGCTATGTATTTAAAGCAAGCTTTCTACGTTCCGATGATTTTGAATTCTTA

GGGGTTCCGGGGATCCTTCTAGTAATATCTGTTCCTCGGTGTTTATTTTCCGTTATTTT

GGGTAGTTTTCCACTGACTTCCATTTTGTTAAACTCAATAAAAGTTGCACAAATA-3’ 
Huntingtin exon1 25 Qs, kindly provided by M. Gamerdinger (285 nt), published in209 
5’-ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAAAGCTTCCAACAGCAGCAACAG 
CAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACCGCCACCAC

CTCCCCCTCCACCCCCACCTCCTCAACTTCCTCAACCTCCTCCACAGGCACAGCCTCTGCTGCCTCAGCC

ACAACCTCCTCCACCTCCACCTCCACCTCCTCCAGGCCCAGCTGTGGCTGAGGAGCCTCTGCACCGACCT

GGATCCCTG-3’ 
Huntingtin exon 1 109 Qs, kindly provided by M. Gamerdinger (537 nt), published in209 
5’-ATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAAAGCTTCCAACAGCAGCAACAG 
CAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAAC

AGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCA

ACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAG

CAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGCAGCAACAGCAACAACAGC

AGCAACAGCAACAACAGCAGCAACAGCAACAACCGCCACCACCTCCCCCTCCACCCCCACCTCCTCAACT

TCCTCAACCTCCTCCACAGGCACAGCCTCTGCTGCCTCAGCCACAACCTCCTCCACCTCCACCTCCACCT

CCTCCAGGCCCAGCTGTGGCTGAGGAGCCTCTGCACCGACCTGGATCCCTG-3’ 
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Abbreviations 

AAV  adeno-associated virus 

ATP  adenosine triphosphate 

BF  bright field 

C. elegans Caenorhabditis elegans 

E. coli  Escherichia coli 

eGFP  enhanced green fluorescence protein 

env  environmental 

DNA  deoxyribonucleic acid 

FACS  fluorescence-activated cell sorting 

GFP  green fluorescence protein 

GlcN6P  glucosamine-6-phosphate 

GMP  guanosine monophosphate 

goi  gene of interest 

GTP  guanosine triphosphate 

HDV  hepatitis delta virus 

HHR  hammerhead ribozyme 

Htt  huntingtin gene 

mRNA  messenger RNA 

ORF  open reading frame 

qPCR  quantitative RT-PCR, quantitative real-time polymerase chain reaction  

Qs  glutamines 

RBS  ribosome binding site 

RNA  ribonucleic acid 

rRNA  ribosomal RNA 

Rz  ribozyme, sometimes it is a ribozyme connected to an aptamer (aptazyme) 

S  (in 16S) Svedberg, non-metric unit for sedimentation rate 

S. mansoni Sm, Schistosoma mansoni 

SELEX  selective evolution of exponential enrichment 

Tet, Tc  tetracycline 

TPP  thiamine pyrophosphate 

tRNA  transfer RNA 

Tw  twister ribozyme 

UTR  untranslated region 




