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1. Zusammenfassung der kumulativen Dissertation 
 
1.1 Abkürzungsverzeichnis 
 
 
ΔG  Gibbs-Energieänderung 
 
ΔGi

0   Gibbs-Energieänderung unter Standardbedingungen 
 
bp  Basenpaar 
 
DNA  Desoxyribonukleinsäure 
 
EGFP  enhanced green fluorescent protein 
 
GFP  green fluorescent protein 
 
HP  Hairpinribozym 
 
mRNA  messenger RNA 
 
nt  Nukleotid 
 
R  universelle Gaskonstante 
 
RNA  Ribonukleinsäure 
 
rRNA  ribosomale RNA 
 
RS  Reparatursubstrat 
 
S  Substrat 
 
SELEX systematic evolution of ligands by exponential enrichment 
 
SHAPE selective 2’-hydroxyl acylation analyzed by primer extension 
 
T  absolute Temperatur 
 
tRNA  transfer RNA 
 
TW  Twinribozym 
!
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1.2 Einleitung 
 
 
Die Bedeutung von Ribonukleinäuren (engl. ribonucleic acids, RNA) wurde lange Zeit 

erheblich unterschätzt, da man sie über einen großen Zeitraum lediglich in ihrer Rolle 

als Überträger der genetischen Information in Form von messenger RNA (mRNA) 

bzw. als Helfermoleküle, welche in Form von ribosomaler RNA (rRNA) und Transfer-

RNA (tRNA) bei der Proteinbiosynthese assistieren, betrachtet hat.  Doch die Fülle 

an fortschreitenden Entdeckungen während der letzten Jahrzehnte hat zu einem 

Paradigmenwechsel innerhalb der Molekularbiologie geführt. Es wird immer 

ersichtlicher, wie weitreichend sich die funktionellen und regulatorischen Aufgaben 

von RNAs auf zelluläre Prozesse erstrecken. So ist RNA neben der Protein-

biosynthese auch an der Regulation der Transkription und Translation, der Reifung 

der mRNA und der Prozessierung von tRNAs beteiligt, oder in die Regulation der 

Differenzierung und Entwicklung, sowie epigenetischer Prozesse involviert [1].  

Einen wichtigen Vertreter der RNAs stellen Ribozyme dar, deren Entdeckung Anfang 

der 80er Jahre eine überraschende Neuigkeit in der Molekularbiologie darstellte. Es 

konnte erstmals gezeigt werden, dass analog zu Proteinen auch RNA-Moleküle zur 

Katalyse chemischer Reaktionen befähigt sind [2,3]. Aus diesem Grund wurden 

Sidney Altman und Thomas R. Cech, die Entdecker dieser Ribonukleinsäure-

Enzyme, 1989 mit dem Nobelpreis für Chemie geehrt. Mittlerweile ist bekannt, dass 

Ribozyme in allen Domänen des Lebens anzutreffen sind. Das Reaktionsspektrum 

natürlich vorkommender Ribozyme ist jedoch verglichen mit dem der Proteine relativ 

klein und umfasst neben der Peptidbindungsknüpfung hauptsächlich die Hydrolyse 

oder Umesterung von Phosphorsäurediesterbindungen. Allerdings konnte mit Hilfe 

von SELEX (systematic evolution of ligands by exponential enrichment) nicht nur die 

Anzahl neuer Ribozyme, sondern auch das Spektrum an Reaktionsarten deutlich 

erhöht werden. Dies wurde erreicht, indem diese sehr bedeutende Selektions-

methode, welche ursprünglich für die Selektion hoch-affin bindender RNA Moleküle 

(Aptamere) aus Zufallsbibliotheken evolviert wurde, an die Generierung neuartiger 

Ribozyme angepasst wurde. Während die Anfänge der Ribozymforschung durch 

Identifizierung und Charakterisierung von Ribozymen geprägt waren, so hat sich das 

Forschungsfeld mittlerweile deutlich verschoben (Publikation 1). Die intensiven 

Untersuchungen und Charakterisierungen bekannter Ribozyme haben zu einer Fülle 

an Informationen bezüglich Aufbau und Funktion geführt, die es erlauben bekannte 



! 3!

Ribozymmotive zu nutzen, um sie durch gezielte Veränderungen mit neuen Eigen-

schaften oder Funktionalitäten auszustatten. Ribozyme und weitere ebenfalls gut 

charakterisierte funktionelle RNAs wie Aptamere [4,5] oder Riboswitches [6-8] dienen 

in diesem als RNA-Engineering bezeichneten Forschungsgebiet als molekulare 

Bausteine, die miteinander kombiniert und auf eine gewünschte Anwendung hin 

angepasst werden können, um ein neues molekulares Werkzeug zu formen. 

Eindrucksvolle Beispiele des RNA-Engineerings umfassen beispielsweise die Ent-

wicklung von Biosensoren, welche die Detektion von Zielmolekülen in Medizin und 

Umwelt ermöglichen [9] oder den Einsatz molekularer Schalter zur Kontrolle der 

Genexpression (Publikation 2 und [10]).  

Ein Teilbereich des RNA-Engineerings, das Ribozym-Engineering, beschäftigt sich 

mit der Entwicklung neuer ribozymbasierter Werkzeuge, welche unter anderem in der 

Biotechnologie im Bereich Protein-Engineering und in der synthetischen Biologie in 

Form allosterisch regulierbarer Genexpressionsschalter Anwendung finden 

(Publikation 2). Des Weiteren ermöglichen sie in der chemischen Biologie die 

Modifikation längerer RNAs (Publikation 3) oder können für therapeutische Zwecke 

genutzt werden, um entweder unerwünschte Genexpression auszuschalten oder 

fehlerhafte, genetische Informationen auf mRNA-Ebene zu reparieren [11,12]. Sie 

sind aber auch zur Bekräftigung der RNA-Welt-Theorie dienlich (Publikation 4 und 

[13,14]), einer Hypothese, in der angenommen wird, dass RNA bei der Entwicklung 

von Leben auf der Erde eine entscheidende Schlüsselrolle gespielt haben könnte 

[15-18]. Unterstützt wird diese Hypothese durch sogenannte „molekulare Fossilien“, 

die in heutigen Organismen eine wichtige Rolle spielend als Überbleibsel einer RNA-

Welt angesehen werden können. So verläuft beispielsweise die Replikation der DNA 

unter Nutzung von RNA-Primern [19], und auch die Herstellung von Desoxy-

ribonukleotiden, die für die DNA-Synthese nötigen Bausteine, erfolgt über 

Ribonukleotid-Intermediate [20]. Des Weiteren bestehen eine Reihe von Kofaktoren 

aus Ribonukleotiden [21]. Aber der wohl bedeutendste Aspekt ist die durch die 

Entdeckung von Ribozymen gewonnene Erkenntnis, dass RNA in der Lage ist, 

sowohl als Träger der genetischen Information zu dienen, als auch chemische 

Reaktionen katalysieren zu können. So sind Ribozyme auch an der Prozessierung 

von tRNAs [3] oder beim Spleißvorgang von RNAs beteiligt [2,22,23]. Ribozyme 

spielen in der RNA-Welt-Theorie eine Schlüsselrolle, um den Übergang einer 

möglichen RNA-Welt zu dem uns heutzutage bekannten DNA-RNA-Protein-basierten 
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Leben zu erklären. Die Entdeckung, dass im Ribosom, welches in allen Lebewesen 

für die Proteinbiosynthese zuständig ist, die Peptidbindungsknüpfung durch RNA 

katalysiert wird [24,25], legt die Vermutung nahe, dass sich Proteine zeitlich erst 

nach der RNA evolviert haben, da ihre Synthese die Hilfe von RNA benötigt. Es wird 

angenommen, dass viele der Reaktionen, welche heute in zellulären Prozessen die 

Hilfe von Proteinen erfordern (wie z.B. die RNA-Synthese, die RNA-Modifikation oder 

die Beladung der tRNAs mit Aminosäuren), in einer präbiotischen Zeit von 

Ribozymen katalysiert worden sein könnten, bis die Aufgaben von Proteinen über-

nommen wurden (Publikation 4). In verschiedenen Studien wurden deshalb durch 

Ribozym-Engineering Ribozyme generiert, die beispielsweise die Triphosphory-

lierung der RNA am 5’-Ende ermöglichen [26,27], die den Aufbau von Nukleotiden 

unterstützen [28-30], die in der Lage sind sich selbst zu replizieren [31,32] oder die 

Polymerisation aktivierter Nukleotide katalysieren [33-36]. Weitere Ribozym-

aktivitäten, die demonstriert werden konnten, umfassen die Ribozym-vermittelte 

RNA-Prozessierung [37,38], RNA-Rekombination (Publikation 9), RNA-Modifikation 

[39-42], das Anfügen von Nukleotiden am 5’-Ende einer RNA [43], sowie die Amino-

acylierung von RNAs (Publikation 5), welche beispielsweise die proteinunabhängige 

Beladung von tRNAs mit Aminosäuren erklären könnte.  

Um neue Ribozyme zu generieren oder bekannte Ribozyme mit neuen Eigen-

schaften bzw. erweiterten Funktionalitäten auszustatten, gibt es zwei Methoden, die 

im Ribozym-Engineering Anwendung finden: die in-vitro-Selektion und das rationale 

Design (Publikation 6). Bei der in-vitro-Selektion wird aus einem großen Pool von 

Zufallssequenzen, die RNA herausselektiert, welche die gewünschten charakte-

ristischen Eigenschaften trägt. Das rationale Design basiert hingegen auf der 

gezielten Modifikation bekannter Ribozymmotive und erfordert daher ausreichende 

Informationen über die Sequenz (Gibt es konservierte Bereiche, d.h. unveränderliche 

Nukleotide innerhalb der Sequenz, die eingehalten werden müssen?), Struktur (Wie 

ist die räumliche Anordnung der Nukleotide?) und Funktion (Welche Basen sind an 

der Faltung beteiligt und welche am Reaktionsmechanismus? Wie verläuft der 

Reaktionsmechanismus?) des anzupassenden Ribozyms. Methodisch unterteilt sich 

das Ribozym-Engineering in drei Hauptbereiche. Der erste Bereich umfasst das 

Sequenzdesign, der zweite Bereich beschäftigt sich mit strukturellen Aspekten und 

der dritte Bereich befasst sich mit der abschließenden Evaluierung des entworfenen 

Systems. 
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Bevor mit dem Sequenzdesign begonnen werden kann, muss ein Ribozym als 

Ausgangspunkt ausgewählt werden, welches die Anforderungen für die gewünschte 

Anwendung erfüllt. Beispielsweise sind das Hammerhead-, Hairpin- und Hepatitis-

Delta-Virus-Ribozym bestens geeignet für die Spaltung von RNA-Strängen und 

daher nützliche Werkzeuge für das Ausschalten der Genexpression durch die 

Spaltung der Ziel-mRNA [11,12]. Das Gruppe-I-Intron und das Hairpin-Ribozym 

eignen sich für die gezielte Änderung einer RNA-Sequenz (Publikation 9 und [44]) 

oder, neben weiteren Ribozym-Motiven, für die gezielte Einführung von 

Modifikationen innerhalb der gewünschten Ziel-RNA [42,45]. Das Hairpin-Ribozym ist 

hierbei besonders hervorzuheben, da es aufgrund seiner flexiblen Anpassungs-

fähigkeit an Substrate ein äußerst vielseitig verwendbares Ribozymmotiv darstellt. 

Sein charakteristisches Merkmal ist die Möglichkeit der Anpassung des Spalt-

/Ligationsverhalten in Abhängigkeit zur Stabilität des Ribozym-Substrat/Produkt-

Komplexes. Hairpinribozyme, die ihr Substrat stabil binden, katalysieren bevorzugt 

die Ligation, während in weniger stabilen Hairpinribozym-Substrat-Komplexen die 

Spaltung dominiert. Des Weiteren ist das Hairpinribozym eine relativ kleine 

katalytische RNA, welche einfach zu handhaben und zu synthetisieren ist. Somit 

stellt das Hairpinribozymmotiv einen hervorragenden Ausgangspunkt für das 

Ribozym-Engineering dar.  

Entdeckt wurde das nach seiner haarnadelartigen Sekundärstruktur benannte 

Hairpinribozym erstmals im Minus-Strang der Satelliten-RNA des Tobacco ringspot-

Virus, wo es eine wichtige Rolle im Replikationsprozess spielt [46,47]. Durch 

ausgiebige Studien während der letzten Jahrzehnte konnte die Konsensussequenz 

des minimalen Hairpinribozymmotivs identifiziert (Abb. 1A), die Reaktions-

eigenschaften und -bedingungen genauestens charakterisiert und die Sekundär- und 

Tertiärstruktur bestimmt werden [48,49]. Die Kristallstruktur des Hairpinribozyms gibt 

außerdem Einblicke in den Reaktionsmechanismus (Abb. 1B), der nach einer 

allgemeinen Säure-Base-Katalyse verläuft [49,50]. Das minimale Hairpinribozym-

motiv besteht aus vier helikalen Bereichen (H1-H4) und den zwei Loops A und B. Die 

Spalt- und Ligationsstelle befindet sich in Loop A, welcher sich bei cis-spaltenden 

Ribozymen durch Faltung des Ribozyms ausbildet. Bei trans-spaltenden Ribozymen, 

welche externe Substrate umsetzen, wird Loop A erst durch die Anbindung des 

Substrats gebildet. Damit es zur Spaltung bzw. Ligation kommen kann, muss sich 
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das Hairpinribozym durch docking von Loop A und B in seine katalytisch-aktive 

Konformation falten. 

!
Abb. 1 (A) Sekundärstruktur und Konsensussequenz des minimalen Hairpinribozymmotivs. (B) Reaktions-
mechanismus der Hairpinribozym-katalysierten Spalt- (rote Pfeile) bzw. Ligationsreaktion (blaue Pfeile). 

Interessanterweise hat die Art!der helikalen Kreuzung  einen großen Einfluss auf die 

Stabilität des gedockten Konformers [51]. Eine four-way junction bietet ein stabiles 

Gerüst, das die Stabilisierung der Tertiärstruktur ermöglicht und somit die 

Ligationsreaktion fördert [52]. Des Weiteren wird bei einem Hairpinribozym mit four-

way junction verglichen mit dem minimalen Hairpinribozym das Substrat mit einer 

deutlich höheren Affinität gebunden, da die tertiären Wechselwirkungen innerhalb 

des gefalteten Ribozyms zur Produktbindung beitragen. Two-way und three-way 

junctions bieten eine geringere Stabilität der Tertiärstruktur, sind dafür aber sensitiver 

gegenüber einer Regulation durch Liganden [51].  
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Hairpinribozyme mit three-way junction sind vielseitige molekulare Werkzeuge. Sie 

können nicht nur zum Spalten oder Ligieren von RNA-Strängen genutzt werden, 

sondern eigenen sich auch zur Rekombination zweier geeigneter RNA-Substrate 

(Publikation 9). Wenn man zwei Hairpinribozyme mit three-way junction durch eine 

Tandemduplikation miteinander verknüpft, so erhält man ein neues Ribozym, 

welches als Twinribozym bezeichnet wird. Twinribozyme sind in der Lage innerhalb 

eines geeigneten Substrats gezielt an zwei definierten Positionen eine Spalt-

/Ligationsreaktion durchzuführen. Dies ermöglicht den Austausch einer kurzen 

RNA-Sequenz gegen ein extern hinzugefügtes Oligonukleotid [53]. Eine 

twinribozymvermittelte Austauschreaktion ermöglicht Sequenzveränderungen 

(Publikation 7, Publikation 8 und [42,53,54] oder die Einführung von Modifikationen 

[42] in die gewünschte Ziel-RNA.  

In dieser Arbeit sollten die Möglichkeiten des RNA-Engineerings genutzt werden, um 

verschiedene Hairpinribozymvarianten zu generieren. Dabei war sowohl die 

potenzielle Anwendung von Twinribozymen in der molekularen Medizin als auch 

deren mögliche Rolle als RNA-Rekombinasen in der RNA-Welt von Interesse. Die 

Möglichkeit der Anwendung von Ribozymen in der therapeutischen Medizin sollte 

zum einen mittels Entwicklung eines Twinribozymsystems zur RNA-Reparatur und 

zum anderen anhand eines Twinribozym-basierten Reportersystems zur Aktivitäts-

kontrolle der Reparatursysteme in Zellen untersucht werden. Ausgehend von der den 

Twinribozymen eigenen Aktivität zur Katalyse eines RNA-Fragmentaustauschs sollte 

darüber hinaus im Kontext der RNA-Welt-Hypothese ein möglichst einfaches 

Hairpinribozym zur Generierung von funktionellen Molekülen durch Rekombination 

entwickelt werden.  

!
! !
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1.3 Ergebnisse und Diskussion 
 
1.3.1 Design von Ribozymen (Publikation 6) 
 
Es gibt einige Aspekte die berücksichtigt werden müssen, wenn ein Ribozym für eine 

neue Anwendung adaptiert werden soll. Viele Herausforderungen wie etwa der 

Entwurf der Ribozymsequenz, die Ortsspezifität, das Strukturdesign und die 

Zugänglichkeit der gewünschten Zielsequenz müssen dabei überwunden werden. 

Daher erfordert die Entwicklung einer neuen ribozymbasierten Anwendung eine 

systematische Herangehensweise, um am Ende ein funktionelles System zu 

erhalten. Der wichtigste Aspekt für das Sequenzdesign ist die Kenntnis über die 

Konsensussequenz des verwendeten Ribozyms, da sie den Grad der Anpassungs-

fähigkeit des Ribozyms an eine bestimmte Ziel-RNA definiert. Beim Hairpinribozym 

befinden sich die konservierten Nukleotide, welche sowohl für die korrekte Faltung in 

die aktive Konformation wie auch für den Reaktionsmechanismus erforderlich sind, 

lediglich in Loop A und Loop B (Abb. 1A) [55-59]. Die helikalen Bereiche sind 

variabel, wodurch das Hairpinribozym relativ leicht an verschiedene Ziel-RNAs 

angepasst werden kann. Bei einem trans-spaltenden Ribozym kommt es erst durch 

die Substratbindung zur Ausbildung von Loop A.  Daher muss im Vorfeld überprüft 

werden, ob die zu modifizierende Substrat-RNA die erforderliche Konsensussequenz 

5’-Y-2N-1↓G+1U+2Y+3B+4-3’ (mit N = A, C, G oder U; Y = C oder U; B = C, G oder U) 

erfüllt, um eine hohe Ribozymaktivität zu gewährleisten. Allerdings führen 

Abweichungen von der Konsensussequenz nicht zwangsläufig zum Verlust der 

Ribozymaktivität. Während die Anwesenheit von G+1 unabdingbar ist [56,57,60,61], 

werden andere Abweichungen eher toleriert. So führt A+4 nicht zu einer signifikanten 

Aktivitätsverminderung des Ribozyms und eine eingeschränkte oder fehlende 

Ribozymaktivität durch Abweichungen von U+2 und Y+3 im Substratstrang kann 

durch kompensatorische Mutationen im Ribozymstrang wiederhergestellt werden 

(Publikation 7, Publikation 8 und [62]). Diese Strategie ist aufwändiger, erlaubt aber 

die Anwendung des Ribozyms über die Konsensussequenz hinaus.  

Ein weiterer interessanter Aspekt bezüglich des Sequenzdesigns stellt die Länge der 

Substratbindestelle dar, da sie maßgeblich die Stabilität des Ribozym-

Substrat/Produkt-Komplex beeinflusst, wodurch wiederum die Präferenz bezüglich 

Spaltung oder Ligation gesteuert werden kann. Wenn die Bindestelle relativ kurz ist, 

so führt dies auch zu einem weniger stabilen Ribozym-Substrat-Komplex (jedoch 

stabil genug um eine katalytisch-aktive Struktur auszubilden), wodurch die 
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Dissoziation des Spaltfragments schnell verläuft und die Spaltung bevorzugt abläuft, 

während die Re-Ligation vernachlässigt werden kann. Dies bedeutet, dass das Spalt- 

und Ligationsgleichgewicht bei Verwendung des minimalen Hairpinribozymmotivs 

stärker in Richtung Spaltung verschoben wird. Auf der anderen Seite führt eine 

längere Substratbindestelle dazu, dass das Substrat aufgrund des starken thermo-

dynamischen Beitrags der Watson-Crick-Basenpaare stärker am Ribozym gebunden 

vorliegt. Daraus folgt, dass die Dissoziation erschwert wird, wodurch das Hairpin-

ribozym bevorzugt die Ligation ausführt. Die Bevorzugung der Ligationsreaktion liegt 

jedoch nicht nur darin begründet, dass sie thermodynamisch begünstigt ist, sondern 

auch schneller verläuft als die Spaltung. Andernfalls würde auch in einem stabilen 

Ribozym/Substrat-Komplex die Spaltung gegenüber der Ligation dominieren. Eine 

Erhöhung der Stabilität des Hairpinribozym/Substrat-Komplexes kann beispielsweise 

durch Verlängerung des 3’-Endes erreicht werden, was mit der Ausbildung einer 

three-way junction einhergeht.  

Beim Design von Twinribozymen sollte man beachten, dass die Bindung des 

externen Oligonukleotids mit der Re-Assoziation des internen Spaltfragments 

konkurriert. Daher muss das Gleichgewicht in Richtung Bindung des externen 

Oligonukleotids verschoben werden, um einen optimalen Sequenzaustausch zu 

gewährleisten. Dies kann durch Erleichterung der Dissoziation des internen 

Spaltfragments erreicht werden, indem die Twinribozymsequenz so entworfen wird, 

dass die Bindung des Substrats zu einer destabilisierenden Struktur (z.B.  

Fehlpaarungen oder Ausstülpungen) innerhalb des Austauschbereichs führt 

(Publikation 3). Dadurch wird nach erfolgter Spaltung die Dissoziation des Spalt-

fragments gefördert, wohingegen das extern hinzugegebene Oligonukleotid in 

diesem Bereich einen durchgängigen und damit deutlich stabileren Duplex mit dem 

Ribozym bildet und dadurch bevorzugt gebunden wird. Nach erfolgter Ligation erhält 

man abschließend das gewünschte Produkt. Abhängig vom Design des 

Ribozym/Substrat-Komplexes können Twinribozyme den Austausch kurzer Frag-

mente gegen längere Sequenzen [53], längerer Fragmente gegen kürzere [42] oder 

auch gleichlanger Fragmente [54] vermitteln. Ein weiterer wichtiger Aspekt der für 

den Entwurf des Ribozym/Substrat-Komplexes in Betracht gezogen werden sollte, ist 

die Länge des Spaltfragments, da sie maßgeblich den Erfolg der twin-

ribozymvermittelten Austauschreaktion beeinflusst (Publikation 6). Es ist daher 

wichtig, dass die Lücke zwischen den beiden Spalt-/Ligationsstellen nicht zu groß ist, 
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andernfalls könnte das zu einer dramatischen Verringerung der Dissoziation des 

Spaltfragments führen und somit zu einem verminderten Einbau des Reparatur-

oligonukleotids. Als Richtlinie gelten hierbei 12-18 nt als optimale Länge des Spalt-

fragments, um noch eine ausreichende Dissoziation zu gewährleisten (Publikation 7, 

Publikation 8 und [42,53,54]). 

Bei dem rationalen Design eines Ribozyms kann es unter Umständen wichtig sein, 

zu überprüfen, ob sich die entworfene RNA-Sequenz des Ribozyms in Anwesenheit 

des Substrats tatsächlich in die vorgesehene Sekundärstruktur faltet. Auch wenn die 

helikalen Bereiche des Hairpinribozyms freiwählbar sind, ist es möglich, dass sich die 

RNA unter Umständen in eine andere, energetisch-bevorzugte Sekundärstruktur 

faltet, was zum Verlust der katalytischen Aktivität führen kann. Zur Verifizierung der 

RNA-Sekundärstruktur können Sekundärstrukturvorhersage-Programme, wie z.B.  

RNAstructrue [63] oder Vienna RNA Package [64,65] verwendet werden. Die 

gängigste Methode zur Sekundärstrukturvorhersage von RNA basiert auf der 

Berechnung der minimalen Gibbs-Energie aller Strukturmotive innerhalb der RNA, 

welche aus der Ausbildung von Watson-Crick- und Wobble-Basenpaaren resultieren 

[66]. Wenn sich die Struktur i einer RNA-Sequenz im Gleichgewicht (ΔG = 0) mit dem 

ungepaarten Zustand befindet, so lässt sich das Gleichgewicht mit der 

Gleichgewichtskonstante Ki folgendermaßen beschreiben: 

!
!! = ! [!"#$%"$#!!]

[!"#$%&'($($)!!"#$%&'] = !!!
∆!!

!
!"     (1) 

 
Die Gibbs-Energieänderung ∆!!!  der Struktur i gilt hierbei als Maß für die 

Favorisieung einer bestimmten Sekundärstruktur verglichen mit dem ungepaarten 

Zustand. Betrachtet man das Gleichgewicht zweier Strukturen i und j, so ergibt sich 

folgender Zusammenhang: 

!
! [!"#$%"$#!!]

[!"#$%"$#!!] = !
!!
!!
= !!!!

(∆!!
!!!∆!!

!)
!" ! ! ! ! (2)!

!
Daraus folgt, dass bei gleicher Temperatur, unterschiedliche Strukturen miteinander 

verglichen werden können. Die Gibbs-Energieänderung gilt hierbei wieder als Maß 

für die Favorisieung einer bestimmten Sekundärstruktur, mit der Annahme, dass die 

Struktur mit der geringsten Gibbs-Energieänderung im Gleichgewicht die vorherr-

schende Sekundärstruktur darstellt. 



! 11!

Ermitteln lässt sich die Gibbs-Energieänderung durch Aufsummierung aller individu-

ellen Basenpaar-Energien nach dem Nearest Neighbor Modell. Die Parameter dieses 

Modells, welche für die computergestützte Ermittlung der Struktur mit der mini-

malsten Gibbs-Energieänderung verwendet werden, wurden im Vorfeld experimentell 

ermittelt und sind in der Nearest Neighbor Datenbank erfasst [67-70]. Da es sich bei 

der Sekundärstrukturvorhersage jedoch nur um einen Modellierungsansatz handelt, 

muss die berechnete Sekundärstruktur mit der geringsten Gibbs-Energieänderung 

nicht zwangsläufig mit der tatsächlich ausgebildeten Sekundärstruktur unter den ge-

gebenen Reaktionsbedingungen übereinstimmen [71]. Je länger die RNA-Sequenz 

wird, desto komplexer kann das Faltungsmuster ausfallen. Für kurze RNA mit 

einfachen Strukturen, wie z.B. das Hairpinribozym, funktioniert diese Methode relativ 

zuverlässig, jedoch ist sie zu ungenau für längere RNAs, wie es am Beispiel der 

Escherichia coli 16S RNA gezeigt werden konnte. Lediglich 50% der Basenpaare 

konnten mit diesem Ansatz korrekt vorhergesagt werden [72]. Jedoch lässt sich die 

Sekundärstrukturvorhersage deutlich verbessern, wenn experimentelle Daten in den 

Sekundärstrukturvorhersage-Algorithmus integriert werden [73]. Auf diese Weise 

konnte die Strukturvorhersage der 16S RNA durch experimentelle Daten aus 

Untersuchungen der RNA mittels chemical probing bis auf 72% Genauigkeit verbes-

sert werden und sogar bis auf 95% durch gewonne Daten aus selective 2’-hydroxyl 

acylation analyzed by primer extension (SHAPE-)Experimenten [72].  

Nach erfolgtem Ribozymdesign muss das entworfene System in der Regel durch in-

vitro-Aktivitätstests  validiert werden. Im Fall von rational designten Twinribozymen, 

welche zur Reparatur fehlerhafter mRNAs eingesetzt werden sollen, werden z.B. die 

Reparaturreaktionen durch Polyacrylamidgelelektrophorese überprüft. Durch 

Verwendung eines fluoreszenzfarbstoffmarkierten Reparaturoligonukleotids kann bei 

erfolgreichem Einbau in die Ziel-RNA die Bildung des Reparaturprodukts visualisiert 

und quantifiziert werden. Neben erfolgreich gebildeten Reparaturprodukten können 

auch Einzelligationsprodukte auftreten. Kann das gewünschte Produkt nicht nach-

gewiesen werden, sind oftmals, wie oben näher erläutert, strukturelle Unter-

suchungen der Ziel-RNA oder des Ribozyms nötig. Das Ziel dieser Untersuchungen 

ist es, zu klären ob durch Struktureinflüsse eine Anbindung des Ribozyms an sein 

Substrat nicht möglich ist oder ob das Ribozym nicht die gewünschte bzw. erwartete 

Struktur ausbildet, sondern eine andere Konformation einnimmt, aus der ein inaktives 

Ribozym resultiert.  
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Auf Grundlage unserer Erfahrung im Design von Ribozymen und anhand der hier 

beschriebenen etablierten Prinzipien des Ribozym-Engineerings (Publikation 6) 

wurden im Rahmen dieser Arbeit erfolgeich Ribozyme generiert, die RNA-

Rekombinationsreaktionen ermöglichen.  

 
 
1.3.2 Anwendung von Twinribozymen zur RNA-Reparatur 
 
Reparatur der CTNNB1-ΔS45-mRNA (Publikation  7) 

Ein Ziel dieser Arbeit war es, die Anwendung von Twinribozymen zur Reparatur von 

mRNAs in Zellen vorzubereiten. In eigenen Vorarbeiten wurde das mittels RNA-

Engineering entworfene Twinribozym, welches die Reparatur einer Dreibasen-

deletion innerhalb der CTNNB1-mRNA ermöglichen soll, bereits ausreichend charak-

terisiert [74]. Das Gen CTNNB1 kodiert den Transkriptionsfaktor β-Catenin, der im 

kanonischen Wnt-Signalweg eine wichtige Rolle spielt, da er im Zellkern für die 

Aktivierung der Wnt-Zielgene zuständig ist [75]. Der Wnt-Signalweg ist an Prozessen 

wie der Entwicklung, Zellproliferation und Stammzellerhaltung beteiligt [76]. Eine 

Dysregulation dieses Signaltransduktionsweges stellt einen entscheidenden Schritt in 

der Karzinogenese dar. Eine häufige Ursache solch einer Dysregulation kann auf 

Mutationen innerhalb des CTNNB1-Gens zurückgeführt werden, welche den regulier-

ten Abbau des Transkriptionsfaktors verhindern [77]. Besonders betroffen ist dabei 

das Codon 45 (TCT), das für die Aminosäure Serin kodiert. Durch Phosphorylierung 

von S45 wird eine Phosphorylierungskaskade in Gang gesetzt, welche wiederum die 

Ubiquitinierung und den anschließenden proteasomalen Abbau von β-Catenin 

ermöglicht. Punktmutationen oder In-frame-Deletionen, die zum Verlust von S45 

führen, sorgen somit durch Inhibierung des Abbaus für eine Akkumulation von β-

Catenin. Dies hat eine kontinuierliche Aktivierung der Wnt-Zielgene zur Folge. Mit 

Hilfe eines durch rationales Design entworfenen Twinribozyms sollte eine Dreibasen-

deletion, die zum Wegfall von Codon 45 und somit zum Verlust von S45 führt, auf 

mRNA-Ebene unter Einbau des fehlenden Codons repariert werden. Durch 

twinribozymvermittelte Reparatur der mutierten CTNNB1-mRNA unterläge β-Catenin 

wieder den Kontrollmechanismen des Wnt-Signalwegs.  

Das!Twinribozym HP-TW-anti-CTNNB1-ΔS45-mRNA war in der Lage unter in-vitro-

Bedingungen ein kurzes Fragment aus dem Modellsubstrat S-CTNNB1 (49mer) 

herauszuschneiden und es gegen das Reparaturoligonukleotid RS-CTNNB1 aus-

zutauschen (Publikation 7). Die ermittelte Ausbeute für die twinribozymvermittelte 
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Reparatur der Dreibasendeletion innerhalb des Modelsubstrats lag bei 31%. Unter 

Verwendung der CTNNB1-ΔS45-mRNA konnte jedoch bei der Reparaturreaktion 

keinerlei Produktbildung detektiert werden. Bei Untersuchungen mit verkürzten 

Substraten (200mer, 500mer, 1000mer und 2000mer) wurde festgestellt, dass nur 

bis zum 1000mer Reparaturprodukt gebildet wurde. Ab dem 2000mer wurde keine 

Produktbildung mehr beobachtet. Diese Ergebnisse deuten auf ein strukturelles 

Problem hin. Ab einer Länge >1000 nt bildet sich innerhalb der Substrat RNA eine 

Struktur aus, die womöglich die Ribozymbindestelle blockiert, wodurch keine 

Reparatur mehr möglich ist. Diese Hypothese sollte mit Hilfe computergestützter 

Strukturvorhersageprogramme untersucht werden. Um die Strukturvorhersage zu 

verbessern, wurden im Vorfeld experimentelle Daten mittels SHAPE erhoben, die 

dann in die Berechnung der Sekundärstruktur integriert wurden. Es wurde hierbei 

nicht nur die Ribozymbindestelle der mRNA, sondern auch die des 1000mers, also 

des Substrats, bei dem noch eine Reparaturproduktbildung nachgewiesen werden 

konnte, untersucht. Der Vergleich beider Sekundärstrukturen ermöglicht es 

Rückschlüsse zu ziehen, die das unterschiedliche Reaktionsverhalten der Substrate 

erklären sollten. SHAPE (selective 2’-hydroxyl acylation analyzed by primer 

extension) ist eine Methode, welche die Bestimmung der RNA-Struktur sogar 

größerer RNAs (>500 nt) mit einer Genauigkeit von ≥95% erlaubt [71,78]. Die 

Methode basiert auf der nucleophilen Reaktivität der 2’-Hydroxylgruppe der RNA in 

Abhängigkeit von der lokalen Nukleotidflexibilität, d.h. die kovalente Modifikation der 

RNA verläuft strukturabhängig (selektive 2’-Hydroxylacylierung). Flexible Nukleotide 

wie in einzelsträngigen Bereichen, Loops oder Ausstülpungen reagieren bereitwillig 

mit einem elektrophilen SHAPE-Reagenz unter Ausbildung eines 2’-O-Adduktes 

(Abb. 2). Nukleotide, die hingegen in die Ausbildung von Basenpaaren involviert sind, 

zeigen eine deutlich geringere Reaktivität gegenüber dem SHAPE-Reagenz. Die 

genauen Positionen der Nukleotide innerhalb der RNA, welche modifiziert vorliegen, 

lassen sich mittels Primer-Extension bestimmen. Zur Untersuchung der Ribozym-

bindestelle innerhalb der mRNA bzw. des 1000mers wurde 1-Methyl-7-nitroisato-

säureanhydrid (1M7) als SHAPE-Reagenz verwendet. 1M7 ist ein äußerst reaktives 

Elektrophil, das nicht nur schnell reagiert (die Reaktionszeit liegt bei ∼ 1 min), 

sondern auch eine genaue und zuverlässige Wiedergabe sekundärer wie auch 

tertiärer RNA-Wechselwirkungen ermöglicht [79].  
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!!!!! !
Abb. 2! Untersuchung der RNA-Sekundärstrukturuntersuchung mittels SHAPE. (A) Strukturabhängige 
Modifikation der RNA durch selektive 2’-O-Hydroxylacylierung mit dem SHAPE-Reagenz 1M7. (B) Analyse der 
modifizierten RNA mittels Primer-Extension unter Verwendung eines fluoreszenzfarbstoffmarkierten Primers . Die 
Modifikation ist als roter Kreis und der Farbstoff als blauer Stern gekennzeichnet. (C) SHAPE-Reaktivitätsprofil 
der untersuchten RNA. 

Ein weiterer Vorteil ist neben einer leichten Handhabung des Reagenzes, dass kein 

weiterer Quenching-Schritt erforderlich ist. Die Reaktion erfolgt bis das Reagenz 

verbraucht wurde, entweder durch Reaktion mit der RNA oder durch Hydrolyse mit 

Wasser. Anschließend können die 2’-O-Addukte innerhalb der RNA mittels reverser 

Transkriptase-vermittelter Primerverlängerung detektiert werden [80,81]. Hierfür 

wurde ein Primer eingesetzt, der mit dem Fluoreszenzfarbstoff ATTO680 markiert 

wurde. Während der reversen Transkription kommt es ein Nukleotid vor dem 2’-O-

Addukt zum Abbruch der DNA-Synthese. Aufgrund der Länge der jeweiligen cDNAs 

konnten die genauen Positionen der modifizierten Nukleotide durch Vergleich mit 

einer Sequenzierungs-leiter auf einem denaturierendem Polyacrylamidgel mittels 

LICOR-Sequenzierer lokalisiert werden. Anschließend müssen die ermittelten 

Bandenintensitäten der nicht-modifizierten Kontrollprobe von den Bandenintensitäten 

der modifizierten RNA subtrahiert werden [78,81]. Dadurch wurde ein 

Reaktivitätsprofil erhalten, das die Reaktivitäten der einzelnen Nukleotide 

widerspiegelt (Publikation 7). Nukleotide, die in die Ausbildung von Basenpaaren 

involviert sind, weisen hierbei eine geringe SHAPE-Reaktivität auf, während flexible 

Nukleotide hohe Reaktivitäten aufweisen. Die erhaltenen SHAPE-Reaktivitäten 

wurden anschließend für eine genauere Vorhersage der RNA-Sekundärstruktur in 

das Vorhersageprogramm RNAstructure [63] implementiert. Aus der berechneten 

Struktur der CTNNB1-ΔS45-mRNA wird deutlich, dass die Ribozymbindestelle mit 

dem Bereich 1740 – 1750 nt am 3’-Ende der mRNA interagiert (Abb. 3A).  
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!
Abb. 3 Sekundärstrukturvorhersage der (A) CTNNB1-ΔS45-mRNA und (B) des verkürzten Transkripts CTNNB1-
ΔS45-1000. Die Bindestelle für das Ribozym umfasst die Nukleotide 116–158. Die Abbildung wurde aus 
Publikation 7 entnommen und angepasst.  

Aufgrund der komplexen Struktur des Substrats kann das Twinribozym vermutlich 

nicht optimal binden, wodurch die Reparatur der mRNA verhindert wird. Offen-

sichtlich ist das Twinribozym, dessen Bindung mit der intramolekularen Faltung der 

mRNA konkurriert, nur in der Lage mit jeweils einer der beiden Prozessierungsstellen 

zu interagieren, wodurch zwar zu einem geringen Anteil Einzelligationsprodukte 

beobachtet werden konnten, jedoch kein Reparaturprodukt. Die Sekundärstruktur der 

kürzeren CTNNB1-ΔS45-1000-RNA weist hingegen eine weniger komplexe Sekun-

därstruktur auf, bei der weniger Nukleotide innerhalb der Ribozymbindestelle in 

Basenpaarungen involviert sind (Abb. 3B). Des Weiteren bildet hier die Ribozym-

bindestelle Basenpaare mit sich selbst aus. Dadurch gibt es weniger Konkurrenz 

zwischen der Bindung des Twinribozyms und intramolekularer Wechselwirkungen 

der CTNNB1-ΔS45-1000-RNA. Wenn erst einmal ein Abschnitt des Twinribozyms 

am Substrat gebunden vorliegt, so kann folglich auch der restliche Abschnitt des 

Twinribozyms relativ leicht an das Substrat binden, da die Substrat RNA dann nicht 

mehr in der Lage ist, in diesem Bereich mit sich selbst Basenpaare auszubilden. 

Nach diesem „Alles-oder-nichts“-Prinzip folgt also, dass wenn die Anbindung des 

Twinribozyms an diesen Bereich erfolgt, auch Reparaturprodukt gebildet werden 

kann. Verglichen mit den Resultaten aus den Aktivitätsstudien mit den verkürzten 

RNA-Substraten, bestätigen die Ergebnisse der Sekundärstrukturuntersuchungen die 

Vermutung, dass der 3’-Terminus der mRNA mit der Ribozymbindestelle interagiert 

und somit zum Ausbleiben einer erfolgreichen Reparaturreaktion beiträgt. Dennoch 
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sollte an dieser Stelle erwähnt werden, dass die unter in-vitro-Bedingungen gewon-

nenen Erkenntnisse nicht zwangsläufig auch auf in-vivo-Bedingungen zutreffen 

müssen. So konnte gezeigt werden, dass in der Zelle bestimmte Mechanismen zur 

Entfaltung von mRNAs beitragen, wodurch der Zielabschnitt innerhalb der mRNA 

durchaus gut erreichbar sein kann, obwohl es unter in-vitro-Bedingungen nicht der 

Fall ist [82]. Daher besteht die Möglichkeit, dass das hier vorgestellte Twinribozym in 

der Zelle die Reparatur der CTNNB1-ΔS45-mRNA vermitteln könnte. Allerdings 

wurde die Twinribozymstrategie bisher noch nicht in der Zelle angewandt.  

 

Reparatur der EGFP-ΔACUC-mRNA (Publikation 8) 

Um die Twinribozymstrategie für zelluläre Anwendungen adaptieren zu können, war 

das nächste Ziel dieser Arbeit die Entwicklung eines geeigneten Reportersystems, 

welches zum einen den Nachweis einer erfolgreichen twinribozymvermittelten 

Reparatur einer Ziel-RNA innerhalb der Zelle ermöglicht und zum anderen auch zur 

Optimierung der Reparaturreaktion innerhalb der Zelle genutzt werden kann. Da 

Twinribozyme ein geeignetes Werkzeug darstellen, um auf RNA-Ebene genetische 

Mutationen zu beheben, könnte die Twinribozymstrategie zukünftig in Zellen zur 

phenotypischen Behebung genetisch-bedingter Erkrankungen angewendet werden. 

Twinribozyme wurden bisher nur durch Zugabe zu einem Zelllysat getestet [83], in 

dem eine erfolgreiche Reparaturreaktion nachgewiesen wurde. Allerdings wurde die 

Reparaturreaktion noch nicht direkt in Zellen untersucht. Bevor also die Twinribozym-

strategie auf zelluläre Ziel-RNAs adaptiert wird, muss im Vorfeld geklärt werden ob 

eine Reparaturreaktion in der Zelle überhaupt möglich ist. Als Reporter für meine 

Untersuchungen wurde eine Variante des grün fluoreszierenden Proteins (GFP) 

ausgewählt. Das EGFP (enhanced GFP) weist im Vergleich zu GFP ein deutlich 

sensitiveres Fluoreszenzsignal auf und zeichnet sich durch eine erhöhte Löslichkeit 

und eine verbesserte Faltung aus [84].  

Um nachzuweisen, dass das Twinribozym zur funktionellen Reparatur zellulärer 

Transkripte in der Lage ist, wurde in die EGFP-mRNA eine Mutation eingefügt, die 

zur Verschiebung des Leserasters und zur Erzeugung eines vorzeitigen Stop-

Codons führt. Die Translation dieser mRNA führt zu einer verkürzten, nicht-

funktionalen EGFP-Version und somit zum Verlust eines nachweisbaren 

Fluoreszenzsignals. Durch Reparatur der mutierten mRNA mittels Twinribozym 

könnte der Leseraster wiederhergestellt und der Erfolg einer twinribozymvermittelten 
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Reparaturreaktion durch die wiedererlangte intrinsische Fluoreszenz des nach 

erfolgter Translation gebildeten Proteins visualisiert und quantifiziert werden (Abb.!4). 

Die Vierbasendeletion in der EGFP-mRNA, welche zur Leserasterverschiebung führt, 

wurde stromaufwärts der Nukleotide eingefügt, die für die chromophorbildenden 

Aminosäuren (T66-Y67-G68) kodieren. Auf diese Weise ist das Ausbleiben des 

Fluoreszenzsignals dieser verkürzten Proteinversion gewährleistet.  

!

!
Abb. 4 Schema des EGFP-basierten Reportersystems zum Nachweis einer erfolgreichen Reparaturreaktion in 
der Zelle. 

Des Weiteren wurde die Mutationsstelle innerhalb der mRNA so gewählt, dass sie 

auch von zwei geeigneten Spalt-/Ligationsstellen des Twinribozyms flankiert wird. 

Unter Berücksichtigung beider Aspekte konnten zwei geeignete Spalt-/Ligations-

stellen identifiziert werden. Beide Spalt-/Ligationsstellen weichen jedoch um ein 

Nukleotid von der erforderlichen Konsensussequenz 5′-Y−2N−1↓G+1U+2Y+3B+4-3′ (mit 

N = A, C, G oder U; Y = C oder U; B = C, G oder U) ab (Abb. 5). Während A+4 in der 

Substrat-RNA und U6 im Ribozymstrang einen geringen Einfluss auf die 

Ribozymaktivität haben [62,85], ist G+3 im Substratstrang kritischer zu bewerten, da 

es zu einer signifikanten Verringerung der Ribozymaktivität führt [60]. Aus der 

Kristallstruktur des Hairpinribozyms geht hervor, dass an Position +3 ein Cytidin an 

der Ausbildung eines nicht-kanonischen Basenpaares mit A7 beteiligt ist [49]. 

!
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Abb. 5 Rationales Design eines Twinribozymsystems zur Reparatur einer mutierten EGFP-mRNA. (A) Schema 
der twinribozymvermittelten Reparatur einer Vierbasendeletion innerhalb der EGFP-mRNA. (B) Sequenz-
anforderungen der Spalt-/Ligationsstelle des Hairpinribozyms. Nukleotide, die von der Konsensussequenz 
abweichen sind mit fetten Buchstaben hervorgehoben. Die Abbildung wurde aus Publikation 8 entnommen und 
angepasst. 

Durch Arbeiten in unserer Gruppe wurde jedoch gezeigt, dass bei Abweichungen von 

Y+3 durch kompensatorische Mutationen von A7 im Ribozymstrang die 

Ribozymaktivität wiederhergestellt werden kann [62]. Basierend auf diesen 

Erkenntnissen wäre zu erwarten, dass bei einer Spalt-/Ligationsstelle mit G+3 im 

Substratstrang die Mutation A7!C7 im Ribozymstrang zur Wiederherstellung der 

Ribozymaktivität führt. Um dies zu bestätigen, wurden für die Spalt-/Ligationsstelle 

mit G+3 Spalt- und Ligationsaktivitäten bestimmt. Es wurden hierbei vier 

Hairpinribozyme entworfen, um alle vier möglichen Nukleotide an Position 7 (A7, C7, 

G7 und U7) zu testen (Publikation 8). Sowohl die Analyse der Spaltreaktion als auch 

die der Ligationsreaktion belegen, dass die C7-Ribozymvariante die besten Spalt- 

(kSpaltung = 0.11 min-1, 77% Spaltprodukt) und Ligationseigenschaften 

(kLigation = 3.3 min-1, 38% Ligationsprodukt) für das untersuchte G+3-Substrat auf-

weist. Die Untersuchung der zweiten Spalt-/Ligationsstelle mit A+4 im Substratstrang 

weist mit kSpaltung = 0.23 min-1 und 71% Spaltprodukt, sowie kLigation = 1 min-1 und 44% 

Ligationsprodukt ebenfalls geeignete Spalt- und Ligationseigenschaften auf, weshalb 

diese beiden Spalt-/Ligationsstellen für den Entwurf des Twinribozyms genutzt 

wurden. Durch Kombination beider Hairpinribozymeinheiten wurde das Twinribozym 

HP-TW-EGFP-ΔACUC erhalten (Abb. 6). Hierbei steht ΔACUC für die innerhalb der 

EGFP-mRNA in Position 190-193 eingefügte Vierbasendeletion. Aufgrund der 

Vierbasendeletion kommt es durch Anbindung der mRNA an das Ribozym zu einer 

Ausstülpung von vier Nukleotiden innerhalb des Ribozymstranges. Diese 

energetisch-ungünstige Strukturausbildung hat zur Folge, dass nach Twinribozym-

vermittelter Spaltung der mRNA die Dissoziation des Spaltfragments (15mer) 

gefördert und die Anbindung des Reparaturoligonukleotids bevorzugt wird, da das 

Reparaturoligonukleotid die vier zusätzlichen Nukleotide beinhaltet, welche 
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komplementär zu den Nukleotiden der Ausstülpung sind. Das 

Reparaturoligonukleotid formt somit einen durchgehenden und deutlich stabileren 

Duplex. Auf diese Weise kann nach erfolgter Ligation bevorzugt Reparaturprodukt 

erhalten werden.  

 

!
Abb. 6 Reparatur einer Vierbasendeletion innerhalb der EGFP-ΔACUC-mRNA durch das Twinribozym HP-TW-
EGFP-ΔACUC. Zur Analyse der Reparaturreaktion und Quantifizierung des Reparaturprodukts wurde das 
Reparaturoligonukleotid intern mit dem Fluoreszenzfarbstoff ATTO680 (blauer Kreis) markiert. Die Abbildung 
wurde aus Publikation 8 entnommen und angepasst. 

Um zu überprüfen, ob das durch rationales Design entworfene Twinribozym, welches 

später in der Zelle zur RNA-Reparatur verwendet werden soll, funktionsfähig ist, 

wurde im Vorfeld die Reparaturreaktion unter in-vitro-Bedingungen untersucht. Damit 

Struktureffekte der mRNA, welche die Zugänglichkeit des Twinribozyms negativ 

beeinflussen könnten [85], ausgeschlossen werden können, wurde die Reparatur-

reaktion zunächst an einem Modellsubstrat durchgeführt (Publikation 8). Die 

Reparatur des Modellsubstrats S-EGFP-4BD erfolgte mit einer Reparaturprodukt-

ausbeute von 34%. Dieses positive Ergebnis beweist, dass das entworfene 

Twinribozym in der Lage ist, den gewünschten Sequenzaustausch zu katalysieren. 

Im nächsten Schritt wurde eine erfolgreiche Reparatur der gesamten EGFP-ΔACUC-

mRNA mit einer Ausbeute von 32% nachgewiesen, welche im Rahmen von weiteren 

in der Literatur beschriebenen RNA-basierten Reparatursystemen liegt [86-89]. Es 

wurde somit erfolgreich belegt, dass das Twinribozym funktionsfähig und die 

Zugänglichkeit zur mRNA gegeben ist, wodurch eine relativ hohe Reparaturprodukt-

ausbeute bei Anwendung in der Zelle erwartet werden kann. In einem ab-

schließenden Experiment wurde überprüft, ob das gebildete Reparaturprodukt auch 

in ein funktionelles Protein translatiert werden kann. Hierfür wurde im Anschluss an 
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die Reparaturreaktion eine in-vitro-Translation durchgeführt (Publikation 8). Die 

Translation der reparierten mRNA resultierte in einem deutlich detektierbaren 

Fluoreszenzsignal, während nach Translation des Reparaturansatzes in Abwesen-

heit des Ribozyms oder des Reparaturoligonukleotids kein Fluoreszenzsignal 

beobachtet werden konnte. Diese vielversprechenden Ergebnisse erlauben nun die 

Anwendung des Reparatursystems in Zellen zum direkten Nachweis twinribozym-

vermittelter RNA-Reparatur. Die Ergebnisse der ersten Voruntersuchungen von 

Zellkulturexperimenten deuten darauf hin, dass eine erfolgreiche Reparatur in der 

Zelle möglich ist. Durch Transfektion des Twinribozyms, des Reparatur-

oligonukleotids und eines Plasmides mit der fehlerhaften EGFP-Sequenz in 

HEK-293-Zellen wurden unter dem Fluoreszenzmikroskop bereits vereinzelte Zellen 

mit fluoreszierendem EGFP nachgewiesen (Abb. 7).  

!
Abb. 7 Untersuchungen zur twinribozymvermittelten Reparaturreaktion in HEK-293-Zellen.  Die Positivkontrolle 
enthält das Plasmid mit der EGFP-Wildtypsequenz. Die Reparaturreaktion enthält das Plasmid mit der fehler-
haften EGFP-Sequenz, das Reparaturoligonukleotid (RS) und das Twinribozym (HP-TW). Die Zellkultur-
experimente wurden in Kooperation mit dem Arbeitskreis von Prof. Dr. Kuss durchgeführt (unveröffentlichte 
Ergebnisse).  

Des Weiteren waren bei der zweiten Positivkontrolle, welche neben dem Plasmid mit 

der EGFP-Wildtypsequenz auch das Twinribozym und das Reparaturoligonukleotid 

enthielt, weniger fluoreszierende Zellen als bei der ersten Positivkontrolle (nur 

Plasmid mit EGFP-Wildtypsequenz) sichtbar. Diese Beobachtung legt nahe, dass 

das Twinribozym in der Zelle aktiv ist, was dazu führt, dass die EGFP-mRNA zu 

einem gewissen Anteil gespalten vorliegt. Somit kann weniger funktionelles EGFP 

gebildet und nachgewiesen werden. Auffällig bei diesem Zellkulturexperiment ist die 

geringere nachweisbare Zellzahl in den Ansätzen, bei denen auch RNA in die Zelle 

transfiziert wurde. Es ist bisher unklar, ob die Zugabe der RNA einen negativen 

Einfluss auf die Zellviabilität hat oder ob der Transfektionsvorgang unter den 

gegeben Bedingungen zur Verringerung der Zellzahl führte. Um das gesamte 
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Potenzial der Twinribozymstrategie in Zellen nachweisen zu können, ist folglich 

zunächst eine systematische Etablierung und Optimierung der Zellkulturexperimente 

unter Verwendung des in dieser Arbeit erfolgreich entwickelten Reportersystems 

erforderlich. 

!
 
1.3.3 RNA-Rekombination in der RNA-Welt (Publikation 9) 

 
Das Twinribozym stellt ein äußerst vielseitiges Ribozym dar, da es nicht nur für 

therapeutische und molekularbiologische Anwendungen von Bedeutung ist, sondern 

auch zur Unterstützung der RNA-Welt-Hypothese herangezogen werden kann. In 

Anlehnung an diese Hypothese hat sich ein Forschungsfeld entwickelt, das sich mit 

der Entwicklung funktioneller RNAs beschäftigt, welche in der Lage sind, diverse 

chemische Reaktionen zu katalysieren, die in der RNA-Welt eine signifikante Rolle 

gespielt haben könnten. Das Hauptaugenmerk liegt hierbei vor allem auf der Klärung 

der RNA-Synthese. Wie könnten aus einfachen Vorstufen Nukleotide synthetisiert 

worden sein? Wie wurden die Nukleotide aktiviert und wie erfolgte die Synthese von 

RNA-Strängen? Ribozyme spielen hierbei eine Schlüsselrolle, um diese Fragen zu 

klären [13]. Einen relevanten Hinweis für die Möglichkeit einer RNA-Welt lieferte 

beispielsweise die Entdeckung der Klasse-I-Ligase tC9Y [34], bei der es sich um ein 

RNA-Polymerase-Ribozym handelt, das zur Selbst-Replikation befähigt ist. Eine 

weitere spannende Frage beschäftigt sich damit, ob auch ein Austausch genetischer 

Informationen zwischen RNA-Strängen möglich gewesen sein könnte. Alle 

Lebensformen wie wir sie heute kennen, unterliegen einem evolutiven Prozess. 

Daher stellt sich die Frage, ob in einer präbiotischen RNA-Welt, ein Ribozym in der 

Lage war, die Rekombination von RNA-Strängen zu katalysieren. Durch RNA-

Rekombination könnten sich aus einfachen Vorstufen, komplexere funktionelle RNAs 

herausgebildet haben. Da die vom Twinribozym katalysierte Reaktion einer 

Rekombination entspricht, könnte ein dem Twinribozym ähnlicher RNA-Katalysator 

die Funktion einer RNA-Rekombinase übernommen haben. Allerdings ist das 

Twinribozym ein schon relativ komplexes Konstrukt. Es kann davon ausgegangen 

werden, dass in einer RNA-Welt zunächst ein einfacheres Konstrukt existiert haben 

muss, aus dem es sich evolviert haben könnte. Aus diesem Grund sollte in einer von 

mir betreuten Masterarbeit basierend auf dem Hairpinribozym mit Hilfe der Methoden 

des RNA-Engineerings ein Rekombinase-Ribozym generiert werden (Publikation 9). 
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Dieses Ribozym sollte in der Lage sein, zwei unterschiedliche, nicht funktionelle 

Substratstränge zu spalten und durch Neuanordnung der Spaltfragmente und 

anschließender Ligation ein funktionelles Rekombinationsprodukt zu bilden. 

Aufgrund seiner eingangs erwähnten Eigenschaften stellt das Hairpinribozym einen 

geeigneten Ausgangspunkt für Untersuchungen von Rekombinationsszenarien dar. 

Das Rekombinationssystem wurde so entworfen, dass das Hairpinribozym zwei 

verschiedene RNA-Stränge spalten kann. Die Rekombination zweier Spaltfragmente 

soll anschließend zur Bildung eines funktionellen Hammerheadribozyms führen 

(Abb. 8). Die für die Katalyse erforderlichen konservierten Nukleotidsequenzen [90] 

CUGAUGA und GAAA befinden sich jeweils in einem der beiden Substratstränge.  

Somit sind beide Substratstränge allein nicht in der Lage eine katalytische Funktion 

auszuüben. Erst durch Rekombination des 5’-Spaltfragments des einen Substrates 

und des 3’-Spaltfragments des zweiten Substrates, wird ein RNA-Strang generiert, 

der beide zur Ausbildung einer katalytischen RNA erforderlichen konservierten 

Bereiche aufweist. Das gebildete Hammerheadribozym ist dann in der Lage die 

Spaltung einer geeigneten Ziel-RNA zu katalysieren.  

!

!
Abb. 8 Schema eines auf dem Hairpinribozym basierenden Rekombinationssystems. Das 
Rekombinationsprodukt, ein funktionsfähiges Hammerheadribozym, ist in der Lage einen geeigneten, extern 
hinzugegebenen Substratstrang (blau) zu spalten. Die konservierten Bereiche des Hammerheadribozyms sind rot 
markiert.  

Das in unserem Arbeitskreis entwickelte Rekombinationssystem ermöglicht eine 

Ausbeute von bis zu 76% Rekombinationsprodukt. Durch Aktivitätstests haben wir 

gezeigt, dass es sich bei dem Rekombinationsprodukt um ein vollfunktionsfähiges 

Hammerheadribozym handelt. Diese Ergebnisse beweisen, dass es uns gelungen 
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ist, auf Grundlage des Hairpinribozyms ein Rekombinationssystem zu entwickeln, 

dass nicht nur das evolutive Potenzial des Hairpinribozyms in einer RNA-Welt 

aufzeigt, sondern auch das Potenzial für maßgeschneiderte Anwendungen in der 

Molekularbiologie oder der therapeutischen Medizin aufweist. 
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1.4. Zusammenfassung 
 
 
Das Forschungsgebiet des Ribozym-Engineerings beschäftigt sich mit der 

Entwicklung von Ribozymen mit neuen oder verbesserten Eigenschaften. Es umfasst 

nicht nur den Entwurf neuer Ribozyme mittels in-vitro-Selektion oder rationalem 

Design, sondern auch die Validierung der entworfenen Systeme mit Hilfe von 

Aktivitätstests oder strukturellen Untersuchungen. Im Kontext des Ribozym-

Engineerings konnte in dieser Arbeit erfolgreich aufgeklärt werden, warum das durch 

rationales Design entwickelte Twinribozym HP-TW-anti-CTNNB1-ΔS45 nicht in der 

Lage ist, die mutierte CTNNB1-ΔS45-mRNA zu reparieren, obwohl es die Reparatur 

des Modellsubstrats S-CTNNB1 mit einer Ausbeute von 30% erfolgreich zu 

katalysieren vermag. Mit Hilfe von strukturellen Untersuchungen von CTNNB1-ΔS45-

1000 und CTNNB1-ΔS45-mRNA mittels SHAPE-Analyse wurde gezeigt, dass 

aufgrund der Faltung der CTNNB1-ΔS45-mRNA die Ribozymbindestelle innerhalb 

der mRNA blockiert wird. Aus diesem Grund ist eine Anbindung des Twinribozyms 

und somit die Sequenzaustauschreaktion nicht möglich. Es konnte also ein 

Zusammenhang zwischen der Länge der mRNA und dem Erfolg der Reparatur-

reaktion unter in-vitro-Bedingungen bewiesen werden. Dennoch besteht die 

Möglichkeit, dass das entwickelte System unter zellulären Bedingungen aktiv sein 

könnte, da die mRNA in der Zelle eventuell eine andere Struktur aufweist. Die 

Twinribozym-vermittelte Reparaturreaktion wurde jedoch in Zellen bisher nicht 

untersucht und somit sollte im Rahmen dieser Arbeit ein geeignetes Reportersystem 

entworfen werden mit dessen Hilfe die Etablierung der Twinribozymstrategie unter 

Zellkulturbedingungen möglich ist. Das entwickelte Reportersystem basiert auf der 

Reparatur einer Vierbasendeletion innerhalb der EGFP-ΔACUC-mRNA mit Hilfe des 

durch rationales Design entworfenen Twinribozyms HP-TW-EGFP-ΔACUC, welches 

eine Ausbeute von 32% Reparaturprodukt ermöglicht. Des Weiteren konnte 

erfolgreich gezeigt werden, dass durch in-vitro-Translation der reparierten EGFP-

ΔACUC-mRNA funktionelles EGFP gebildet wurde, welches aufgrund seiner 

zurückgewonnenen Fluoreszenzeigenschaft nachgewiesen werden konnte. Das 

erfolgreich entwickelte Reportersystem steht somit für weitere Experimente unter 

Zellkulturbedingungen zur Verfügung und eröffnet außerdem den Weg, die 

Twinribozymstrategie in der Zelle zu adaptieren und zu optimieren, um sie später 

intrazellulär für gewünschte Ziel-RNAs anwenden zu können. Neben dem 
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therapeutischen Potenzial könnte eine gezielte und effiziente Sequenzveränderung 

einer Ziel-RNA innerhalb der Zelle eine alternative Genexpression durch Änderung 

der proteinkodierenden mRNA-Sequenz ermöglichen, aber auch für eine Fluorophor- 

oder Affinitätsmarkierung einer bestimmten RNA genutzt werden, um eine 

gewünschte Ziel-RNA in der Zelle visualisieren bzw. aus der Zelle isolieren zu 

können.  

Des Weiteren konnte durch rationales Design ein Hairpinribozym entworfen werden, 

das in drei Schritten die Rekombination zweier nicht-funktioneller RNA-Stränge 

katalysiert. Die Spaltung zweier geeigneter Substrate (erster Schritt), Rekombination 

der Spaltfragmente (zweiter Schritt) und Ligation der neuangeordneten Fragmente 

(dritter Schritt) führten mit einer Rekombinationsproduktausbeute von 76% zu 

Generierung eines funktionsfähigen Hammerheadribozyms. Somit konnte mit diesem 

neu entwickelten Rekombinase-Ribozym das Anwendungsspektrum des Hairpin-

ribozyms über die Fähigkeit zur RNA-Reparatur [53], zur Selbstprozessierung und 

Zirkularisierung [37], erfolgreich durch die Fähigkeit zur RNA-Rekombination 

erweitert werden. 

!
!! !
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Introduction
Nowadays, the term ‘ribozyme’ to designate an RNA catalyst is 
used with the same implicitness as the term ‘enzyme’ has always 
been used for proteinaceous biocatalysts. The fact that RNA can 
cleave and ligate itself, that cleavage of the 5 -trailer of tRNA in 
tRNA processing is mediated by the RNA subunit of RNase P, 
that introns may undergo self-splicing, and that the spliceosome 
and, even more impressively, the ribosome are actually ribozymes 
meanwhile has found entry into the textbooks. The exciting field 
of research into RNA catalysis started more than 30 years ago and 
over the first two decades was dominated by the discovery and 
identification of several classes of ribozymes occurring in nature 
and the elucidation of their catalytic structures and mechanisms. 
Apart from the ribosome that catalyses the formation of the peptide 
bond, all ribozymes discovered so far in nature support cleavage or 
ligation of a phosphodiester bond or both. However, the powerful 
method of SELEX (systematic evolution of ligands by exponential 
enrichment), originally developed for the selection of high-affinity 
RNA binders (aptamers) from a random library1,2, was adapted to 
the selection of ribozymes (and, moreover, DNAzymes) to catalyse 
a broad range of reactions, thus greatly enhancing the spectrum of 
nucleic acid catalysis3,4. Over the years, an enormous amount of 
data were obtained on high-resolution structures and the mecha-
nisms of ribozymes5,6. All of this contributed to an understanding 
of ribozyme catalysis to an extent that has allowed engineering 
of ribozymes and DNAzymes with pre-determined functionality. 
Thus, the past decade has seen impressive developments based on 
the usage of known catalytic motifs in ribozyme-based switches for 
therapeutic and environmental diagnostics7 and more recently for 
control of gene expression8. In parallel, the ability of RNA to cata-
lyse a wide variety of chemical reactions has revitalised the RNA 
world hypothesis, a postulated period in the origin of life in which 
RNA was the main player, for one as carrier of genetic informa-
tion and for the other as catalyst9. Early life may have started with 
self-replicating RNA, and a great deal of effort has been invested 
in developing ribozymes capable of self-replication10 or, even more 
challenging, of catalysing RNA polymerisation11,12. The interest in 
RNA-world-relevant ribozyme activities continues, and one may 
well expect that there will be more to come.

In addition to ribozyme-based applications and RNA world scenar-
ios as central topics of current research in the field, the frequency 
of ribozymes in nature and their function are of ongoing interest. 
With the help of high-throughput bioinformatic approaches, new 
ribozymes or novel genomic locations of known catalytic RNA 
motifs in highly diverse genetic contexts have been discovered in 
all branches of life13–16, and current research addresses the question 
of their biological role.

The field of ribozyme research has changed the focus from dis-
covery and mechanistic/structural characterisation of ribozymes 
towards functional engineering into application. Nevertheless, 
the excitement of the first days of ribozyme discovery has car-
ried over throughout the years; the search for new ribozymes or 
just ribozyme locations continues in all kingdoms of life—in 
particular, in the human genome. Moreover, as mentioned above, 
the search for RNA-world-relevant ribozyme activities continues 
with unchanged curiosity. A number of excellent review articles 
have summarised the achievements in nucleic acid catalysis (for 

recent examples, see 5,17–19). Here, we will concentrate on recent 
discoveries and developments in the field to draw a concise picture 
of ribozyme research and RNA and DNA catalysis 35 years after 
its beginning.

Ribozyme-based switches
Over the past decade, it has become increasingly clear that the 
conformational flexibility of RNA is an important determinant 
of cellular function. In this regard, riboswitches located in the  
5 -untranslated region (5 -UTR) of specific mRNAs have gained 
much attention20. Composed of an aptamer and an expression 
platform, riboswitches regulate, in a ligand-dependent manner, 
gene expression at the level of transcription or, alternatively, 
translation. Binding of a specific ligand to the aptamer induces a 
conformational change in the expression platform, turning gene 
expression ON or OFF. Interestingly, this principle of allosteric 
regulation was used in the test tube before it was discovered in 
nature21. By combination of ribozymes with aptamers, ribozyme 
activity was rendered ligand dependent and, consequently, adjust-
able. RNA or DNA aptamers for binding to a desired molecule 
can be produced by SELEX and linked to the ribozyme via a 
communication module, a sequence that translates the binding 
event occurring in the aptamer unit into an activity-associated 
conformational change within the ribozyme part. Thus, ribozyme 
activity can be used as a readout for a binding event, which in 
the case of a multiple turnover reaction would even lead to signal 
amplification. Owing to their modular composition of DNAzyme or 
ribozyme and aptamer, such constructs were termed aptazymes22. 
Beyond the significance of aptazymes for medicinal diagnostics 
and therapy, RNA- and especially DNAzyme-based biosensors 
have gained importance as tools in environmental monitoring, in 
particular to detect environmental pollutants, such as toxic heavy 
metals, air- and water-borne microbes, and other toxins23.

Allosteric regulation of ribozyme activity has been used in a  
variety of contexts in the life sciences. Here, significant effort has 
been made in artificially modulating gene expression by a chemical 
signal. A ribozyme-based device positioned in the 5 - or 3 -UTR of 
a transcript and acting as a regulatory unit is partitioned between 
two functional conformations: one representing a ribozyme active 
state, the other an inactive state24,25. Ligand binding would sup-
port one of the two states, dependent on the specific design. As 
a consequence of ligand binding, translation is switched ON or 
OFF (Figure 1). The advantage is that the effector molecule (lig-
and) binds directly to the regulatory module, without the involve-
ment of proteins, such as transcription factors, which usually 
mediate genetic control. After some pioneering work in the early 
2000s, important progress has been made in engineering ligand- 
dependent ribozyme modules that switch expression of suitable 
reporter genes, often using the hammerhead ribozyme to control 
stability of the target transcript26. Furthermore, the genomic hepa-
titis delta virus ribozyme was engineered to control gene expres-
sion in mammalian cells and, when placed in tandem configuration, 
to construct a NOR logic gate device, demonstrating the modu-
lar composition of ribozyme-based RNA devices27. Moreover, 
the recently discovered twister ribozyme, a highly flexible and 
active endonucleolytic ribozyme, has been used for the develop-
ment of genetic switches28. In all of these approaches, stability of 
a target transcript is modulated through conditional control of the 
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cleavage activity of a ribozyme conjugated with a naturally occur-
ring or in vitro selected aptamer domain and placed at a suitable 
position of the transcript. Ribozyme-based genetic control has been 
performed in different organisms27,29,30 and in response to diverse 
ligands26,30–32. In addition to chemical signals (ligand-responsive 
switches), physical signals (light or temperature) can be used to 
control ribozyme activity in such devices33. Beyond regulation of  
bacterial or mammalian genes, the potential of ribozyme-based 
genetic switches for regulation of DNA and RNA viruses has 
been demonstrated34. In particular, genome replication, infectious  
particle production and cytotoxicity of adenoviruses, and (in the 
case of a measles virus) progeny infectivity and virus spread 
were reduced by aptazyme-mediated control of gene expression,  
paving the way for future applications in medicine and virology.

Important challenges in the engineering of ribozyme-based 
switches by modular composition are the link between ribozyme 
(actuator) and ligand-responsive aptamer (sensor) and the rela-
tively slow kinetics of secondary structure changes induced by 
ligand binding, thus limiting the regulatory potential of ribozyme-
based switches24,35. Therefore, it is all the more important that 
powerful protocols for in vivo selection and screening and for 
high-throughput cellular RNA device engineering have been  
developed24–26,28,36. In general ribozyme-based switches allow for 
the regulation of gene expression by up to 30-fold26,27. However, it 
can be anticipated that, based on novel protocols for RNA device 
engineering and on the ever-growing understanding of the underly-
ing structure-function relationships, novel designs will outperform 
those currently available.

DNAzymes
As mentioned above, protocols for in vitro selection of nucleic acid 
catalysts from random libraries have paved the way for the devel-
opment of artificial RNAzymes and DNAzymes. One of the most 
proficient DNAzymes, the so-called 10–23 motif, was selected 
back in 199737 and was fully characterised in 199838 and since then 
has been used as a scaffold in a large number of re-selections and 
rational designs. In addition, novel DNAzymes were selected from 
fully randomised libraries. The chemical repertoire of DNAzymes 
is surprisingly broad, ranging from cleavage of phosphodiester, 
ester, and amide bonds over supporting C-C bond-forming reac-
tions up to the repair of thymine dimers, peptide modifications, and 
others (excellently reviewed in 19). The recently achieved DNA-
catalysed amide hydrolysis39 is a good example of the challenges 
in DNAzyme development. Previous selection experiments had 
led to DNA-catalysed DNA phosphodiester cleavage instead of 
the desired amide hydrolysis40, and, under conditions that deliber-
ately avoided phosphodiester hydrolysis, no DNAzyme with activ-
ity for hydrolysis of an aliphatic amide bond was found. Instead, 
selection resulted in DNA catalysts that supported hydrolysis of 
carbonic acid esters or of aromatic amide bonds41. Only the inclu-
sion, in the selection experiment, of nucleotide derivatives with 
attached protein-like functional groups allowed the identification 
of DNAzymes capable of aliphatic amide hydrolysis (Figure 2)39.

There has also been some effort in elucidating the structure of 
DNA catalysts. A recent breakthrough is the crystal structure of an 
RNA-ligating deoxyribozyme at 2.8 Å resolution42. The structure 
gives new insight into the principles underlying DNA catalysis 

Figure 1. Ribozyme-based ON (a) and OFF (b) switches. The ribozyme-based device is positioned in the 5 -untranslated region (5 -UTR) of 
the transcript of interest. (a) In the absence of a specific ligand, the ribozyme is inactive and the ribosome-binding site (RBS) is sequestered 
in a double-stranded region; translation is switched OFF. Upon ligand binding, the ribozyme is activated and cleavage can take place. As a 
result, the RBS is set free and translation can proceed. (b) In the absence of a specific ligand, the ribozyme undergoes self-cleavage, thereby 
freeing the RBS and allowing translation to proceed. Binding of the ligand inhibits ribozyme activity, and translation is switched OFF.
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and allows conclusions to be drawn on the similarities and differ-
ences between RNAzymes and DNAzymes. Notably, the structure 
revealed that DNA can explore a wide range of conformations 
owing to a less restrictive sugar puckering as compared with 
RNA, and this feature compensates for the lack of the 2 -OH 
group that is present and structurally important in RNA (Figure 3).

In general, DNAzymes continue to be developed as functional 
modules in biosensors and computing circuits23,43–47 as well as 
for therapeutic use48. For example, recent progress was made 
in the development of variants of the 10–23 DNAzyme against 
hepatitis C virus49 and for the treatment of basal cell carcinoma50 
as well as in DNAzyme-mediated modification of allergen-induced 
asthmatic responses51.

XNAzymes
Very recently, an exciting new class of nucleic acid catalysts has 
emerged. Artificial endonuclease and ligase enzymes composed 
of synthetic genetic polymers, xeno nucleic acids (XNAzymes), 
were selected from random libraries in a method termed ‘cross-
chemistry selective enrichment by exponential amplification’  
(X-SELEX)52,53. As an essential prerequisite of the experiments, 
a modified DNA polymerase was engineered to tolerate the XNA 
building blocks (triphosphates) for polymerisation54. Four different 
XNAs (Figure 3) were used in the selection: arabino nucleic acids 
(ANAs), 2 -fluoroarabino nucleic acids (FANAs), hexitol nucleic 
acids (HNAs), and cyclohexene nucleic acids (CeNAs), and for all 
of them catalytically active species were found after 10 to 20 rounds 
of selection52. Moreover, a FANA metalloenzyme with activity for 
ligation of FANA was identified, thus establishing catalysis in an 
entirely synthetic system53. These results have strong implications 

for the emergence of life on earth, underscoring the possibility 
that genetic polymers with backbones other than ribose may have  
pre-dated the emergence of RNA and the RNA world.

Ribozymes in RNA world scenarios
The discovery of ribozymes has led to a renaissance of the RNA 
world theory, and ever since much effort has been put into the  
identification of ribozymes with useful activities in a time period 
when life was based on RNA functioning as both genome and 
genome-encoded catalyst9. Thus, a number of in vitro selections 
aimed at the identification of RNA catalysts supporting reac-
tions that might have been used by RNA world organisms were 
carried out. The synthesis of RNA certainly would have been a 
core activity, and ribozymes for reaction steps involved in RNA 
synthesis have been generated55. Recent success has been made 
in ribozyme-mediated triphosphorylation of RNA-5 -hydroxyl 
groups using cyclic trimethaphosphate as the energy source56,57, 
in ribozyme-mediated self-replication10,58, and in polymerisation 
of activated nucleotides11,12,59. In addition, other recently demon-
strated activities, such as ribozyme-mediated RNA processing60,61, 
recombination62,63, nucleotide addition64, and self-alkylation65 
(some of them illustrated in Figure 4), speak to the capacity of 
RNA to support a wide variety of reactions with relevance in RNA 
world scenarios.

New catalytic motifs
Until recently, 10 classes of ribozymes existing among contem-
porary organisms were known, the hammerhead and hairpin 
ribozyme probably being the most prominent examples. The years 
after the discovery of these ribozymes were filled with inves-
tigations into their structures and catalytic mechanisms, and it 

Figure 2. Selection of a DNAzyme from a random library under varying conditions. For more detail, see the ‘DNAzymes’ section of the 
main text.
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Figure 3. Structure of xeno nucleic acids in comparison with DNA and RNA. ANA, arabino nucleic acid; CeNA, cyclohexene nucleic acid; 
FANA, 2 -fluoroarabino nucleic acid; HNA, hexitol nucleic acid.

took a rather long time until the question for additional naturally  
occurring ribozymes was addressed. The first of the recently dis-
covered self-cleaving RNAs constituting the eleventh class of 
ribozymes is a small catalytic RNA motif, present in many species 
of bacteria and eukaryotes15. In keeping with the tradition of giv-
ing ribozymes names related to their secondary structure, the new 
motif was called twister because of its small yet complex consensus 
structure composed of three stems conjoined by internal and termi-
nal loops and a two-pseudoknot tertiary fold (Figure 5)66–68. With an  
in vivo cleavage rate of 1000 per minute, the twister ribozyme is one 
of the fastest self-cleaving ribozymes, and based on biochemical 
experiments in conjunction with molecular dynamics simulation, 
a mechanism involving general acid-base catalysis by a conserved 
active site adenine residue has been proposed69. This is in general 
agreement with the mechanisms of other self-cleaving ribozymes 
like the hairpin or the hepatitis delta virus ribozyme, which also 

require an adenine residue in the active site5. However, apparently 
there is a striking difference: whereas in the hairpin and hepatitis 
delta virus ribozyme, N1 of adenine is involved in catalysis, N3 of 
adenine was suggested as a strong candidate to act as general base 
in twister ribozyme-mediated self-cleavage69. This is particularly 
interesting because, if indeed N3 takes this role, it would expand the 
mechanistic repertoire of the small endonucleolytic ribozymes.

High-throughput bioinformatics assisted the identification of  
additional self-cleaving candidates named twister sister, pistol, 
and hatchet ribozyme70, which upon in vitro characterisation were 
shown to indeed be ribozymes70–72. All of these new ribozymes  
support a transesterification reaction yielding a 5 -hydroxyl group 
and a 2 ,3 -cyclic phosphate at the cleavage site. A recent review 
of the chemistry and biology of self-cleaving ribozymes referring  
also to the four new ribozyme classes can be found in 5.

O

O
BP

O
OO

O OH

O

O
BP

O
OO

O

O

O
BP

O
OO

OH

O

O

O
BP

O
OO

F

O

O
P
O

OO

O

B

O
P
O

OO
O

O

B

RNA ribonucleic acid DNA

ANA arabino nucleic acid FNA

HNA hexitol nucleic acid CeNA

deoxyribonucleic acid

2'-fluoroarabino nucleic acid

cyclohexene nucleic acid

�·½»�ʽ�Å¼�ʸʸ

	ʸʷʷʷ�»É»·È¹¾�ʹʷʸʽƑ�ʼƺ	ʸʷʷʷ�	·¹ËÂÊÏ��»ÌƻƓʸʼʸʸ��·ÉÊ�ËÆº·Ê»ºƓ�ʹʾ����ʹʷʸʽ



Figure 4. Schematic presentation of ribozyme activities that might have played a role in the RNA world. a) self-modification,  
e.g. alkylation; b) 5’-terminal modification by ribozyme-supported addition of an activated building block; c) internal modification by 
ribozyme-supported fragment exchange; d) ribozyme-supported 5’ –triphosphorylation with trimetaphosphate; e) ribozyme-supported RNA 
polymerization with nucleoside-2’,3’-cyclic phosphates (in 3’ 5’-direction) or nucleoside-5’-triphosphates (in 5’ 3’-direction) as activated 
building blocks.
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Future prospects
Over the years, ribozyme research and nucleic acid catalysis have 
remained a very exciting field with unchanged potential for new 
discoveries. A strong focus of current research is the uncovering 
and understanding of the role that ribozymes play in biological 
systems. The first results on the influence of self-cleaving RNA 
structures on genetic control are just emerging. For example, 
the hammerhead, the hepatitis delta virus-like, and the twister 
ribozyme are widespread in nature and appear in rather diverse 
genetic contexts14,15,73. Ribozymes have been identified in intronic 
regions and mobile genetic elements, suggesting a role in pre-RNA 
and transcript processing13,74,75. Understanding this additional 
level of genetic control and regulation is one of the major chal-
lenges of current and future research in this area. The ongoing 
development of high-throughput bioinformatic approaches will 
further facilitate the identification of conserved structures and the 
evaluation of their genetic distribution. In addition to novel genetic 
locations of known ribozymes, new catalytic RNA motifs may 
be expected to be discovered, as shown recently for the twister, 
twister sister, pistol, and hatchet ribozymes15,70. In the area of 
ribozyme engineering by rational design and in vitro/in vivo evo-
lution, exciting results regarding new approaches for the artifi-
cial control of gene expression by allosteric ribozymes placed in 

non-translated regions of transcripts may be anticipated. Also, 
the search for ribozymes with RNA world relevant activities can 
be expected to continue with unbroken excitement. In this regard, 
the catalytic repertoire of XNAzymes52,53 will certainly be further 
explored.

Thirty-five years after the discovery of the first catalytic RNA, 
ribozyme research has not lost the intriguing and highly motivating 
flair of the first days. There are still many questions to be addressed 
and much is waiting to be discovered.
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Figure 5. Secondary structures of recently discovered ribozymes. The arrows denote the cleavage sites.

P1

P2

P3 P4

P5

P3

P1 P2

P4

P3

P1 P2

Twister Twister Sister

HatchetPistol

P0
P1

P3 P5

P4

P1

pseudoknots

pseudoknot

�·½»�ʿ�Å¼�ʸʸ

	ʸʷʷʷ�»É»·È¹¾�ʹʷʸʽƑ�ʼƺ	ʸʷʷʷ�	·¹ËÂÊÏ��»ÌƻƓʸʼʸʸ��·ÉÊ�ËÆº·Ê»ºƓ�ʹʾ����ʹʷʸʽ



References F1000 recommended

1. Tuerk C, Gold L: Systematic evolution of ligands by exponential enrichment: 
RNA ligands to bacteriophage T4 DNA polymerase. Science. 1990; 249(4968): 
505–10.  
PubMed Abstract | Publisher Full Text 

2. Ellington AD, Szostak JW: In vitro selection of RNA molecules that bind specific 
ligands. Nature. 1990; 346(6287): 818–22.  
PubMed Abstract | Publisher Full Text 

3. Silverman SK: Deoxyribozymes: selection design and serendipity in the 
development of DNA catalysts. Acc Chem Res. 2009; 42(10): 1521–31.  
PubMed Abstract | Publisher Full Text | Free Full Text 

4. Jaschke A: Artificial ribozymes and deoxyribozymes. Curr Opin Struct Biol. 
2001; 11(3): 321–6.  
PubMed Abstract | Publisher Full Text 

5. Jimenez RM, Polanco JA, Lupták A: Chemistry and Biology of Self-Cleaving 
Ribozymes. Trends Biochem Sci. 2015; 40(11): 648–61.  
PubMed Abstract | Publisher Full Text | Free Full Text

6. Wilson TJ, Liu Y, Lilley DMJ: Ribozymes and the mechanisms that underlie RNA 
catalysis. Front Chem Sci Eng. 2016; 10(2): 178–185.  
Publisher Full Text 

7. Liu J, Cao Z, Lu Y: Functional nucleic acid sensors. Chem Rev. 2009; 109(5): 
1948–98.  
PubMed Abstract | Publisher Full Text | Free Full Text 

8. Frommer J, Appel B, Müller S: Ribozymes that can be regulated by external 
stimuli. Curr Opin Biotechnol. 2015; 31: 35–41.  
PubMed Abstract | Publisher Full Text 

9.  Pressman A, Blanco C, Chen IA: The RNA World as a Model System to Study 
the Origin of Life. Curr Biol. 2015; 25(19): R953–63.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

10.  Robertson MP, Joyce GF: Highly efficient self-replicating RNA enzymes. 
Chem Biol. 2014; 21(2): 238–45.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

11. Attwater J, Wochner A, Holliger P: In-ice evolution of RNA polymerase ribozyme 
activity. Nat Chem. 2013; 5(12): 1011–8.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12.  Sczepanski JT, Joyce GF: A cross-chiral RNA polymerase ribozyme. Nature. 
2014; 515(7527): 440–2.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

13. Hammann C, Luptak A, Perreault J, et al.: The ubiquitous hammerhead 
ribozyme. RNA. 2012; 18(5): 871–85.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14. Webb CH, Riccitelli NJ, Ruminski DJ, et al.: Widespread occurrence of self-
cleaving ribozymes. Science. 2009; 326(5955): 953.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15.  Roth A, Weinberg Z, Chen AG, et al.: A widespread self-cleaving ribozyme 
class is revealed by bioinformatics. Nat Chem Biol. 2014; 10(1): 56–60.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

16.  Gupta A, Swati D: Hammerhead Ribozymes in Archaeal Genomes: A 
Computational Hunt. Interdiscip Sci. 2016; 1–13.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

17. Ramesh A, Winkler WC: Metabolite-binding ribozymes. Biochim Biophys Acta. 
2014; 1839(10): 989–94.  
PubMed Abstract | Publisher Full Text 

18. Ward WL, Plakos K, DeRose VJ: Nucleic acid catalysis: metals, nucleobases, 
and other cofactors. Chem Rev. 2014; 114(8): 4318–42.  
PubMed Abstract | Publisher Full Text | Free Full Text

19. Hollenstein M: DNA Catalysis: The Chemical Repertoire of DNAzymes. 
Molecules. 2015; 20(11): 20777–804.  
PubMed Abstract | Publisher Full Text 

20. Mellin JR, Cossart P: Unexpected versatility in bacterial riboswitches. Trends 
Genet. 2015; 31(3): 150–6.  
PubMed Abstract | Publisher Full Text 

21. Soukup GA, Breaker RR: Engineering precision RNA molecular switches. Proc 
Natl Acad Sci U S A. 1999; 96(7): 3584–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22. Famulok M, Hartig JS, Mayer G: Functional aptamers and aptazymes in 
biotechnology, diagnostics, and therapy. Chem Rev. 2007; 107(9): 3715–43. 
PubMed Abstract | Publisher Full Text 

23.  Sett A, Das S, Bora U: Functional nucleic-acid-based sensors for 
environmental monitoring. Appl Biochem Biotechnol. 2014; 174(3): 1073–91.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

24.  Townshend B, Kennedy AB, Xiang JS, et al.: High-throughput cellular RNA 
device engineering. Nat Methods. 2015; 12(10): 989–94.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

25.  Rehm C, Klauser B, Hartig JS: Engineering aptazyme switches for 
conditional gene expression in mammalian cells utilizing an in vivo screening 

approach. Methods Mol Biol. 2015; 1316: 127–40.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

26.  Klauser B, Atanasov J, Siewert LK, et al.: Ribozyme-based aminoglycoside 
switches of gene expression engineered by genetic selection in S. cerevisiae. 
ACS Synth Biol. 2015; 4(5): 516–25.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

27. Nomura Y, Zhou L, Miu A, et al.: Controlling mammalian gene expression by 
allosteric hepatitis delta virus ribozymes. ACS Synth Biol. 2013; 2(12): 684–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

28.  Felletti M, Klauser B, Hartig JS: Screening of Genetic Switches Based on the 
Twister Ribozyme Motif. Methods Mol Biol. 2016; 1380: 225–39.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

29. Wei KY, Chen YY, Smolke CD: A yeast-based rapid prototype platform for gene 
control elements in mammalian cells. Biotechnol Bioeng. 2013; 110(4): 1201–10. 
PubMed Abstract | Publisher Full Text 

30.  Kennedy AB, Vowles JV, d'Espaux L, et al.: Protein-responsive ribozyme 
switches in eukaryotic cells. Nucleic Acids Res. 2014; 42(19): 12306–21. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

31.  Ausländer S, Stücheli P, Rehm C, et al.: A general design strategy for 
protein-responsive riboswitches in mammalian cells. Nat Methods. 2014; 
11(11): 1154–60.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

32. Klauser B, Hartig JS: An engineered small RNA-mediated genetic switch based 
on a ribozyme expression platform. Nucleic Acids Res. 2013; 41(10): 5542–52. 
PubMed Abstract | Publisher Full Text | Free Full Text 

33. Saragliadis A, Krajewski SS, Rehm C, et al.: Thermozymes: Synthetic RNA 
thermometers based on ribozyme activity. RNA Biol. 2013; 10(6): 1010–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

34.  Ketzer P, Kaufmann JK, Engelhardt S, et al.: Artificial riboswitches for gene 
expression and replication control of DNA and RNA viruses. Proc Natl Acad Sci 
U S A. 2014; 111(5): E554–62.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

35.  Mustoe AM, Brooks CL, Al-Hashimi HM: Hierarchy of RNA functional 
dynamics. Annu Rev Biochem. 2014; 83: 441–66.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

36.  Rehm C, Hartig JS: In vivo screening for aptazyme-based bacterial 
riboswitches. Methods Mol Biol. 2014; 1111: 237–49.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

37. Santoro SW, Joyce GF: A general purpose RNA-cleaving DNA enzyme. Proc 
Natl Acad Sci U S A. 1997; 94(9): 4262–6.  
PubMed Abstract | Publisher Full Text | Free Full Text 

38. Santoro SW, Joyce GF: Mechanism and utility of an RNA-cleaving DNA enzyme. 
Biochemistry. 1998; 37(38): 13330–42.  
PubMed Abstract | Publisher Full Text 

39.  Zhou C, Avins JL, Klauser PC, et al.: DNA-Catalyzed Amide Hydrolysis. J Am 
Chem Soc. 2016; 138(7): 2106–9.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

40.  Chandra M, Sachdeva A, Silverman SK: DNA-catalyzed sequence-specific 
hydrolysis of DNA. Nat Chem Biol. 2009; 5(10): 718–20.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

41. Brandsen BM, Hesser AR, Castner MA, et al.: DNA-catalyzed hydrolysis of esters 
and aromatic amides. J Am Chem Soc. 2013; 135(43): 16014–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

42.  Ponce-Salvatierra A, Wawrzyniak-Turek K, Steuerwald U, et al.: Crystal 
structure of a DNA catalyst. Nature. 2016; 529(7585): 231–4.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

43. Xiang Y, Lu Y: DNA as sensors and imaging agents for metal ions. Inorg Chem. 
2014; 53(4): 1925–42.  
PubMed Abstract | Publisher Full Text | Free Full Text 

44. Zhou Y, Tang L, Zeng G, et al.: Current progress in biosensors for heavy metal 
ions based on DNAzymes/DNA molecules functionalized nanostructures: A 
review. Sens Actuators B Chem. 2016; 223: 280–94.  
Publisher Full Text 

45. Gong L, Zhao Z, Lv YF, et al.: DNAzyme-based biosensors and nanodevices. 
Chem Commun (Camb). 2015; 51(6): 979–95.  
PubMed Abstract | Publisher Full Text 

46. Huang PJ, Liu M, Liu J: Functional nucleic acids for detecting bacteria. Rev Anal 
Chem. 2013; 32(1): 77–89.  
Publisher Full Text 

47. Orbach R, Willner B, Willner I: Catalytic nucleic acids (DNAzymes) as functional 
units for logic gates and computing circuits: from basic principles to practical 
applications. Chem Commun (Camb). 2015; 51(20): 4144–60.  
PubMed Abstract | Publisher Full Text 

48. Karnati HK, Yalagala RS, Undi R, et al.: Therapeutic potential of siRNA and 

�·½»�ˀ�Å¼�ʸʸ

	ʸʷʷʷ�»É»·È¹¾�ʹʷʸʽƑ�ʼƺ	ʸʷʷʷ�	·¹ËÂÊÏ��»ÌƻƓʸʼʸʸ��·ÉÊ�ËÆº·Ê»ºƓ�ʹʾ����ʹʷʸʽ

http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/19572701
http://dx.doi.org/10.1021/ar900052y
http://www.ncbi.nlm.nih.gov/pmc/articles/2764829
http://www.ncbi.nlm.nih.gov/pubmed/11406381
http://dx.doi.org/10.1016/S0959-440X(00)00208-6
http://www.ncbi.nlm.nih.gov/pubmed/26481500
http://dx.doi.org/10.1016/j.tibs.2015.09.001
http://www.ncbi.nlm.nih.gov/pmc/articles/4630146
http://dx.doi.org/10.1007/s11705-016-1558-2
http://www.ncbi.nlm.nih.gov/pubmed/19301873
http://dx.doi.org/10.1021/cr030183i
http://www.ncbi.nlm.nih.gov/pmc/articles/2681788
http://www.ncbi.nlm.nih.gov/pubmed/25146171
http://dx.doi.org/10.1016/j.copbio.2014.07.009
http://f1000.com/prime/725826312
http://www.ncbi.nlm.nih.gov/pubmed/26439358
http://dx.doi.org/10.1016/j.cub.2015.06.016
http://f1000.com/prime/725826312
http://f1000.com/prime/718228404
http://www.ncbi.nlm.nih.gov/pubmed/24388759
http://dx.doi.org/10.1016/j.chembiol.2013.12.004
http://www.ncbi.nlm.nih.gov/pmc/articles/3943892
http://f1000.com/prime/718228404
http://www.ncbi.nlm.nih.gov/pubmed/24256864
http://dx.doi.org/10.1038/nchem.1781
http://www.ncbi.nlm.nih.gov/pmc/articles/3920166
http://f1000.com/prime/725223141
http://www.ncbi.nlm.nih.gov/pubmed/25363769
http://dx.doi.org/10.1038/nature13900
http://www.ncbi.nlm.nih.gov/pmc/articles/4239201
http://f1000.com/prime/725223141
http://www.ncbi.nlm.nih.gov/pubmed/22454536
http://dx.doi.org/10.1261/rna.031401.111
http://www.ncbi.nlm.nih.gov/pmc/articles/3334697
http://www.ncbi.nlm.nih.gov/pubmed/19965505
http://dx.doi.org/10.1126/science.1178084
http://www.ncbi.nlm.nih.gov/pmc/articles/3159031
http://f1000.com/prime/718178547
http://www.ncbi.nlm.nih.gov/pubmed/24240507
http://dx.doi.org/10.1038/nchembio.1386
http://www.ncbi.nlm.nih.gov/pmc/articles/3867598
http://f1000.com/prime/718178547
http://f1000.com/prime/726072996
http://www.ncbi.nlm.nih.gov/pubmed/26758619
http://dx.doi.org/10.1007/s12539-016-0141-3
http://f1000.com/prime/726072996
http://www.ncbi.nlm.nih.gov/pubmed/24769284
http://dx.doi.org/10.1016/j.bbagrm.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24730975
http://dx.doi.org/10.1021/cr400476k
http://www.ncbi.nlm.nih.gov/pmc/articles/4002065
http://www.ncbi.nlm.nih.gov/pubmed/26610449
http://dx.doi.org/10.3390/molecules201119730
http://www.ncbi.nlm.nih.gov/pubmed/25708284
http://dx.doi.org/10.1016/j.tig.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/10097080
http://dx.doi.org/10.1073/pnas.96.7.3584
http://www.ncbi.nlm.nih.gov/pmc/articles/22337
http://www.ncbi.nlm.nih.gov/pubmed/17715981
http://dx.doi.org/10.1021/cr0306743
http://f1000.com/prime/718448008
http://www.ncbi.nlm.nih.gov/pubmed/24903959
http://dx.doi.org/10.1007/s12010-014-0990-3
http://f1000.com/prime/718448008
http://f1000.com/prime/725708669
http://www.ncbi.nlm.nih.gov/pubmed/26258292
http://dx.doi.org/10.1038/nmeth.3486
http://www.ncbi.nlm.nih.gov/pmc/articles/4589471
http://f1000.com/prime/725708669
http://f1000.com/prime/725498349
http://www.ncbi.nlm.nih.gov/pubmed/25967058
http://dx.doi.org/10.1007/978-1-4939-2730-2_11
http://f1000.com/prime/725498349
http://f1000.com/prime/718424291
http://www.ncbi.nlm.nih.gov/pubmed/24871672
http://dx.doi.org/10.1021/sb500062p
http://f1000.com/prime/718424291
http://www.ncbi.nlm.nih.gov/pubmed/23697539
http://dx.doi.org/10.1021/sb400037a
http://www.ncbi.nlm.nih.gov/pmc/articles/3874218
http://f1000.com/prime/725931069
http://www.ncbi.nlm.nih.gov/pubmed/26552830
http://dx.doi.org/10.1007/978-1-4939-3197-2_19
http://f1000.com/prime/725931069
http://www.ncbi.nlm.nih.gov/pubmed/23184812
http://dx.doi.org/10.1002/bit.24792
http://f1000.com/prime/719128683
http://www.ncbi.nlm.nih.gov/pubmed/25274734
http://dx.doi.org/10.1093/nar/gku875
http://www.ncbi.nlm.nih.gov/pmc/articles/4231745
http://f1000.com/prime/719128683
http://f1000.com/prime/719374279
http://www.ncbi.nlm.nih.gov/pubmed/25282610
http://dx.doi.org/10.1038/nmeth.3136
http://f1000.com/prime/719374279
http://www.ncbi.nlm.nih.gov/pubmed/23585277
http://dx.doi.org/10.1093/nar/gkt253
http://www.ncbi.nlm.nih.gov/pmc/articles/3664830
http://www.ncbi.nlm.nih.gov/pubmed/23595083
http://dx.doi.org/10.4161/rna.24482
http://www.ncbi.nlm.nih.gov/pmc/articles/4111729
http://f1000.com/prime/718246743
http://www.ncbi.nlm.nih.gov/pubmed/24449891
http://dx.doi.org/10.1073/pnas.1318563111
http://www.ncbi.nlm.nih.gov/pmc/articles/3918795
http://f1000.com/prime/718246743
http://f1000.com/prime/718305103
http://www.ncbi.nlm.nih.gov/pubmed/24606137
http://dx.doi.org/10.1146/annurev-biochem-060713-035524
http://www.ncbi.nlm.nih.gov/pmc/articles/4048628
http://f1000.com/prime/718305103
http://f1000.com/prime/718282680
http://www.ncbi.nlm.nih.gov/pubmed/24549624
http://dx.doi.org/10.1007/978-1-62703-755-6_17
http://f1000.com/prime/718282680
http://www.ncbi.nlm.nih.gov/pubmed/9113977
http://dx.doi.org/10.1073/pnas.94.9.4262
http://www.ncbi.nlm.nih.gov/pmc/articles/20710
http://www.ncbi.nlm.nih.gov/pubmed/9748341
http://dx.doi.org/10.1021/bi9812221
http://f1000.com/prime/726132208
http://www.ncbi.nlm.nih.gov/pubmed/26854515
http://dx.doi.org/10.1021/jacs.5b12647
http://www.ncbi.nlm.nih.gov/pmc/articles/4767666
http://f1000.com/prime/726132208
http://f1000.com/prime/1164534
http://www.ncbi.nlm.nih.gov/pubmed/19684594
http://dx.doi.org/10.1038/nchembio.201
http://www.ncbi.nlm.nih.gov/pmc/articles/2746877
http://f1000.com/prime/1164534
http://www.ncbi.nlm.nih.gov/pubmed/24127695
http://dx.doi.org/10.1021/ja4077233
http://www.ncbi.nlm.nih.gov/pmc/articles/3946404
http://f1000.com/prime/726055194
http://www.ncbi.nlm.nih.gov/pubmed/26735012
http://dx.doi.org/10.1038/nature16471
http://f1000.com/prime/726055194
http://www.ncbi.nlm.nih.gov/pubmed/24359450
http://dx.doi.org/10.1021/ic4019103
http://www.ncbi.nlm.nih.gov/pmc/articles/3955431
http://dx.doi.org/10.1016/j.snb.2015.09.090
http://www.ncbi.nlm.nih.gov/pubmed/25336076
http://dx.doi.org/10.1039/c4cc06855f
http://dx.doi.org/10.1515/revac-2012-0027
http://www.ncbi.nlm.nih.gov/pubmed/25612298
http://dx.doi.org/10.1039/c4cc09874a


DNAzymes in cancer. Tumour Biol. 2014; 35(10): 9505–21.  
PubMed Abstract | Publisher Full Text 

49.  Robaldo L, Berzal-Herranz A, Montserrat JM, et al.: Activity of core-modified 
10–23 DNAzymes against HCV. ChemMedChem. 2014; 9(9): 2172–7.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

50. Cho EA, Moloney FJ, Cai H, et al.: Safety and tolerability of an intratumorally 
injected DNAzyme, Dz13, in patients with nodular basal-cell carcinoma: a 
phase 1 first-in-human trial (DISCOVER). Lancet. 2013; 381(9880): 1835–43. 
PubMed Abstract | Publisher Full Text | Free Full Text 

51.  Krug N, Hohlfeld JM, Kirsten AM, et al.: Allergen-induced asthmatic 
responses modified by a GATA3-specific DNAzyme. N Engl J Med. 2015; 
372(21): 1987–95.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

52.  Taylor AI, Holliger P: Directed evolution of artificial enzymes (XNAzymes) 
from diverse repertoires of synthetic genetic polymers. Nat Protoc. 2015; 10(10): 
1625–42.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

53.  Taylor AI, Pinheiro VB, Smola MJ, et al.: Catalysts from synthetic genetic 
polymers. Nature. 2015; 518(7539): 427–30.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

54.  Pinheiro VB, Taylor AI, Cozens C, et al.: Synthetic genetic polymers capable 
of heredity and evolution. Science. 2012; 336(6079): 341–4.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

55.  Martin LL, Unrau PJ, Müller UF: RNA synthesis by in vitro selected 
ribozymes for recreating an RNA world. Life (Basel). 2015; 5(1): 247–68.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

56.  Moretti JE, Müller UF: A ribozyme that triphosphorylates RNA 5’-hydroxyl 
groups. Nucleic Acids Res. 2014; 42(7): 4767–78.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

57.  Dolan GF, Akoopie A, Müller UF: A Faster Triphosphorylation Ribozyme. 
PLoS One. 2015; 10(11): e0142559.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

58. Ferretti AC, Joyce GF: Kinetic properties of an RNA enzyme that undergoes 
self-sustained exponential amplification. Biochemistry. 2013; 52(7): 1227–35. 
PubMed Abstract | Publisher Full Text | Free Full Text 

59.  Wochner A, Attwater J, Coulson A, et al.: Ribozyme-catalyzed transcription 
of an active ribozyme. Science. 2011; 332(6026): 209–12.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

60. Petkovic S, Badelt S, Block S, et al.: Sequence-controlled RNA self-processing: 
computational design, biochemical analysis, and visualization by AFM. RNA. 
2015; 21(7): 1249–60.  
PubMed Abstract | Publisher Full Text | Free Full Text 

61.  Amini ZN, Olson KE, Müller UF: Spliceozymes: ribozymes that remove 
introns from pre-mRNAs in trans. PLoS One. 2014; 9(7): e101932.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

62. Hieronymus R, Godehard SP, Balke D, et al.: Hairpin ribozyme mediated RNA 

recombination. Chem Commun (Camb). 2016; 52(23): 4365–8.  
PubMed Abstract | Publisher Full Text 

63.  Lehman N, Vaidya N, Yeates JA: RNA-directed recombination of RNA  
in vitro. Methods Mol Biol. 2015; 1240: 27–37.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

64.  Mutschler H, Holliger P: Non-canonical 3’-5’ extension of RNA with 
prebiotically plausible ribonucleoside 2’,3’-cyclic phosphates. J Am Chem Soc. 
2014; 136(14): 5193–6.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

65.  Sharma AK, Plant JJ, Rangel AE, et al.: Fluorescent RNA labeling using self-
alkylating ribozymes. ACS Chem Biol. 2014; 9(8): 1680–4.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

66.  Liu Y, Wilson TJ, McPhee SA, et al.: Crystal structure and mechanistic 
investigation of the twister ribozyme. Nat Chem Biol. 2014; 10(9): 739–44. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

67.  Ren A, Kosutic M, Rajashankar KR, et al.: In-line alignment and Mg2+ 
coordination at the cleavage site of the env22 twister ribozyme. Nat Commun. 
2014; 5: 5534.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

68.  Eiler D, Wang J, Steitz TA: Structural basis for the fast self-cleavage 
reaction catalyzed by the twister ribozyme. Proc Natl Acad Sci U S A. 2014; 
111(36): 13028–33.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

69.  Gaines CS, York DM: Ribozyme Catalysis with a Twist: Active State of the 
Twister Ribozyme in Solution Predicted from Molecular Simulation. J Am Chem 
Soc. 2016; 138(9): 3058–65.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

70.  Weinberg Z, Kim PB, Chen TH, et al.: New classes of self-cleaving ribozymes 
revealed by comparative genomics analysis. Nat Chem Biol. 2015; 11(8): 606–10.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

71.  Harris KA, Lünse CE, Li S, et al.: Biochemical analysis of pistol self-cleaving 
ribozymes. RNA. 2015; 21(11): 1852–8.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

72.  Li S, Lunse CE, Harris KA, et al.: Biochemical analysis of hatchet self-
cleaving ribozymes. RNA. 2015; 21(11): 1845–51.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

73. Perreault J, Weinberg Z, Roth A, et al.: Identification of hammerhead ribozymes 
in all domains of life reveals novel structural variations. PLoS Comput Biol. 
2011; 7(5): e1002031.  
PubMed Abstract | Publisher Full Text | Free Full Text 

74. de la Peña M, García-Robles I: Intronic hammerhead ribozymes are 
ultraconserved in the human genome. EMBO Rep. 2010; 11(9): 711–6.  
PubMed Abstract | Publisher Full Text | Free Full Text 

75.  Cervera A, De La Peña M: Eukaryotic penelope-like retroelements encode 
hammerhead ribozyme motifs. Mol Biol Evol. 2014; 31(11): 2941–7.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

�·½»�ʸʷ�Å¼�ʸʸ

	ʸʷʷʷ�»É»·È¹¾�ʹʷʸʽƑ�ʼƺ	ʸʷʷʷ�	·¹ËÂÊÏ��»ÌƻƓʸʼʸʸ��·ÉÊ�ËÆº·Ê»ºƓ�ʹʾ����ʹʷʸʽ

http://www.ncbi.nlm.nih.gov/pubmed/25149153
http://dx.doi.org/10.1007/s13277-014-2477-9
http://f1000.com/prime/718538075
http://www.ncbi.nlm.nih.gov/pubmed/25079672
http://dx.doi.org/10.1002/cmdc.201402222
http://f1000.com/prime/718538075
http://www.ncbi.nlm.nih.gov/pubmed/23660123
http://dx.doi.org/10.1016/S0140-6736(12)62166-7
http://www.ncbi.nlm.nih.gov/pmc/articles/3951714
http://f1000.com/prime/725503685
http://www.ncbi.nlm.nih.gov/pubmed/25981191
http://dx.doi.org/10.1056/NEJMoa1411776
http://f1000.com/prime/725503685
http://f1000.com/prime/725807410
http://www.ncbi.nlm.nih.gov/pubmed/26401917
http://dx.doi.org/10.1038/nprot.2015.104
http://f1000.com/prime/725807410
http://f1000.com/prime/725255037
http://www.ncbi.nlm.nih.gov/pubmed/25470036
http://dx.doi.org/10.1038/nature13982
http://www.ncbi.nlm.nih.gov/pmc/articles/4336857
http://f1000.com/prime/725255037
http://f1000.com/prime/713947802
http://www.ncbi.nlm.nih.gov/pubmed/22517858
http://dx.doi.org/10.1126/science.1217622
http://www.ncbi.nlm.nih.gov/pmc/articles/3362463
http://f1000.com/prime/713947802
http://f1000.com/prime/725324495
http://www.ncbi.nlm.nih.gov/pubmed/25610978
http://dx.doi.org/10.3390/life5010247
http://www.ncbi.nlm.nih.gov/pmc/articles/4390851
http://f1000.com/prime/725324495
http://f1000.com/prime/718248382
http://www.ncbi.nlm.nih.gov/pubmed/24452796
http://dx.doi.org/10.1093/nar/gkt1405
http://www.ncbi.nlm.nih.gov/pmc/articles/3985629
http://f1000.com/prime/718248382
http://f1000.com/prime/725917561
http://www.ncbi.nlm.nih.gov/pubmed/26545116
http://dx.doi.org/10.1371/journal.pone.0142559
http://www.ncbi.nlm.nih.gov/pmc/articles/4636267
http://f1000.com/prime/725917561
http://www.ncbi.nlm.nih.gov/pubmed/23384307
http://dx.doi.org/10.1021/bi301646n
http://www.ncbi.nlm.nih.gov/pmc/articles/3579227
http://f1000.com/prime/9660956
http://www.ncbi.nlm.nih.gov/pubmed/21474753
http://dx.doi.org/10.1126/science.1200752
http://f1000.com/prime/9660956
http://www.ncbi.nlm.nih.gov/pubmed/25999318
http://dx.doi.org/10.1261/rna.047670.114
http://www.ncbi.nlm.nih.gov/pmc/articles/4478344
http://f1000.com/prime/718488454
http://www.ncbi.nlm.nih.gov/pubmed/25014025
http://dx.doi.org/10.1371/journal.pone.0101932
http://www.ncbi.nlm.nih.gov/pmc/articles/4094466
http://f1000.com/prime/718488454
http://www.ncbi.nlm.nih.gov/pubmed/26923676
http://dx.doi.org/10.1039/c6cc00383d
http://f1000.com/prime/724407974
http://www.ncbi.nlm.nih.gov/pubmed/25352134
http://dx.doi.org/10.1007/978-1-4939-1896-6_2
http://f1000.com/prime/724407974
http://f1000.com/prime/718323517
http://www.ncbi.nlm.nih.gov/pubmed/24660752
http://dx.doi.org/10.1021/ja4127714
http://www.ncbi.nlm.nih.gov/pmc/articles/4333585
http://f1000.com/prime/718323517
http://f1000.com/prime/718433805
http://www.ncbi.nlm.nih.gov/pubmed/24896502
http://dx.doi.org/10.1021/cb5002119
http://f1000.com/prime/718433805
http://f1000.com/prime/718498339
http://www.ncbi.nlm.nih.gov/pubmed/25038788
http://dx.doi.org/10.1038/nchembio.1587
http://f1000.com/prime/718498339
http://f1000.com/prime/725242655
http://www.ncbi.nlm.nih.gov/pubmed/25410397
http://dx.doi.org/10.1038/ncomms6534
http://www.ncbi.nlm.nih.gov/pmc/articles/4373348
http://f1000.com/prime/725242655
http://f1000.com/prime/718544521
http://www.ncbi.nlm.nih.gov/pubmed/25157168
http://dx.doi.org/10.1073/pnas.1414571111
http://www.ncbi.nlm.nih.gov/pmc/articles/4246988
http://f1000.com/prime/718544521
http://f1000.com/prime/726131887
http://www.ncbi.nlm.nih.gov/pubmed/26859432
http://dx.doi.org/10.1021/jacs.5b12061
http://www.ncbi.nlm.nih.gov/pmc/articles/4904722
http://f1000.com/prime/726131887
http://f1000.com/prime/725633870
http://www.ncbi.nlm.nih.gov/pubmed/26167874
http://dx.doi.org/10.1038/nchembio.1846
http://www.ncbi.nlm.nih.gov/pmc/articles/4509812
http://f1000.com/prime/725633870
http://f1000.com/prime/725799557
http://www.ncbi.nlm.nih.gov/pubmed/26385507
http://dx.doi.org/10.1261/rna.052514.115
http://www.ncbi.nlm.nih.gov/pmc/articles/4604425
http://f1000.com/prime/725799557
http://f1000.com/prime/725799554
http://www.ncbi.nlm.nih.gov/pubmed/26385510
http://dx.doi.org/10.1261/rna.052522.115
http://www.ncbi.nlm.nih.gov/pmc/articles/4604424
http://f1000.com/prime/725799554
http://www.ncbi.nlm.nih.gov/pubmed/21573207
http://dx.doi.org/10.1371/journal.pcbi.1002031
http://www.ncbi.nlm.nih.gov/pmc/articles/3088659
http://www.ncbi.nlm.nih.gov/pubmed/20651741
http://dx.doi.org/10.1038/embor.2010.100
http://www.ncbi.nlm.nih.gov/pmc/articles/2933863
http://f1000.com/prime/718537610
http://www.ncbi.nlm.nih.gov/pubmed/25135949
http://dx.doi.org/10.1093/molbev/msu232
http://www.ncbi.nlm.nih.gov/pmc/articles/4209133
http://f1000.com/prime/718537610


	ʸʷʷʷ�»É»·È¹¾

ʹ

ʸ

�Æ»Ä��»»È��»Ì¿»Í
� ��ËÈÈ»ÄÊ��»¼»È»»��Ê·ÊËÉƓ

�º¿ÊÅÈ¿·Â��ÅÊ»�ÅÄ�Ê¾»��»Ì¿»Í��ÈÅ¹»ÉÉ
�·È»�¹ÅÃÃ¿ÉÉ¿ÅÄ»º�¼ÈÅÃ�Ã»Ã¸»ÈÉ�Å¼�Ê¾»�ÆÈ»ÉÊ¿½¿ÅËÉ� �·Äº�·È»�»º¿Ê»º�·É�·	ʸʷʷʷ�	·¹ËÂÊÏ��»Ì¿»ÍÉ 	ʸʷʷʷ�	·¹ËÂÊÏ

É»ÈÌ¿¹»�ÊÅ�È»·º»ÈÉƔ��Ä�ÅÈº»È�ÊÅ�Ã·Á»�Ê¾»É»�È»Ì¿»ÍÉ�·É�¹ÅÃÆÈ»¾»ÄÉ¿Ì»�·Äº�·¹¹»ÉÉ¿¸Â»�·É�ÆÅÉÉ¿¸Â»Ƒ�Ê¾»�È»¼»È»»É
ÆÈÅÌ¿º»�¿ÄÆËÊ�¸»¼ÅÈ»�ÆË¸Â¿¹·Ê¿ÅÄ�·Äº�ÅÄÂÏ�Ê¾»�¼¿Ä·ÂƑ�È»Ì¿É»º�Ì»ÈÉ¿ÅÄ�¿É�ÆË¸Â¿É¾»ºƔ��¾»�È»¼»È»»É�Í¾Å�·ÆÆÈÅÌ»º�Ê¾»
¼¿Ä·Â�Ì»ÈÉ¿ÅÄ�·È»�Â¿ÉÊ»º�Í¿Ê¾�Ê¾»¿È�Ä·Ã»É�·Äº�·¼¼¿Â¿·Ê¿ÅÄÉ�¸ËÊ�Í¿Ê¾ÅËÊ�Ê¾»¿È�È»ÆÅÈÊÉ�ÅÄ�»·ÈÂ¿»È�Ì»ÈÉ¿ÅÄÉ�ƺ·ÄÏ�¹ÅÃÃ»ÄÊÉ
Í¿ÂÂ�·ÂÈ»·ºÏ�¾·Ì»�¸»»Ä�·ººÈ»ÉÉ»º�¿Ä�Ê¾»�ÆË¸Â¿É¾»º�Ì»ÈÉ¿ÅÄƻƔ

�¾»�È»¼»È»»É�Í¾Å�·ÆÆÈÅÌ»º�Ê¾¿É�·ÈÊ¿¹Â»�·È»Ɠ
Version 1

Ƒ��»Æ·ÈÊÃ»ÄÊ�Å¼��¾»Ã¿ÉÊÈÏ�·Äº��¿Å¹¾»Ã¿ÉÊÈÏƑ��Ä¿Ì»ÈÉ¿ÊÏ�Å¼��»ÈÄ�Ƒ��»ÈÄƑ��Í¿ÊÐ»ÈÂ·Äº�·È¹»Â��ÅÂÂ»ÄÉÊ»¿Ä
��Å�¹ÅÃÆ»Ê¿Ä½�¿ÄÊ»È»ÉÊÉ�Í»È»�º¿É¹ÂÅÉ»ºƔ�ÅÃÆ»Ê¿Ä½��ÄÊ»È»ÉÊÉƓ

Ƒ��»Æ·ÈÊÃ»ÄÊ�Å¼��¾»Ã¿ÉÊÈÏƑ��Ä¿Ì»ÈÉ¿ÊÏ�Å¼��ÅÄÉÊ·ÄÐƑ��ÅÄÉÊ·ÄÐƑ�
»ÈÃ·ÄÏĬÈ½��·ÈÊ¿½
��Å�¹ÅÃÆ»Ê¿Ä½�¿ÄÊ»È»ÉÊÉ�Í»È»�º¿É¹ÂÅÉ»ºƔ�ÅÃÆ»Ê¿Ä½��ÄÊ»È»ÉÊÉƓ

�·½»�ʸʸ�Å¼�ʸʸ

	ʸʷʷʷ�»É»·È¹¾�ʹʷʸʽƑ�ʼƺ	ʸʷʷʷ�	·¹ËÂÊÏ��»ÌƻƓʸʼʸʸ��·ÉÊ�ËÆº·Ê»ºƓ�ʹʾ����ʹʷʸʽ

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty


!



! 49!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

Publikation 2 
 
 
 
 
 

  



! 50!

 
 
 
!



MINI-REVIEW

Generation and selection of ribozyme variants with potential
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Abstract Over the past two decades, RNA catalysis has
become a major topic of research. On the one hand, naturally
occurring ribozymes have been extensively investigated
concerning their structure and functional mechanisms. On
the other hand, the knowledge gained from these studies has
been used to engineer ribozyme variants with novel proper-
ties. In addition to RNA engineering by means of rational
design, powerful techniques for selection of ribozymes from
large pools of random sequences were developed and have
been widely used for the generation of functional nucleic
acids. RNA as catalyst has been accompanied by DNA, and
nowadays a large number of ribozymes and deoxyribozymes
are available. The field of ribozyme generation and selection
has been extensively reviewed. With respect to the field of
biotechnology, RNA and DNA catalysts working on peptides
or proteins, or which are designed to control protein synthesis,
are of utmost importance and interest. Therefore, in this re-
view, we will focus on engineered nucleic acid catalysts for
peptide synthesis and modification as well as for intracellular
control of gene expression.

Keywords DNAzyme .Geneexpression . Peptide synthesis .

Ribozyme . Regulation

Introduction

Since the discovery of the first catalytic RNA in 1982 (Kruger
et al. 1982; Guerrier-Takada et al. 1983), many ribozymes
were identified in naturally occurring RNAs or have been

engineered in vitro. While so far identified natural RNA
activities are limited to reactions at the RNA phosphodiester
backbone and to peptide bond formation, artificial ribozymes
have extended the repertoire of RNA catalysis to a variety of
reactions, as for example amino acylation (Illangasekare et al.
1995), formation of amide and peptide bonds (Wiegand et al.
1997), isomerization reactions (Prudent et al. 1994), alkyl-
ations (Wilson and Szostak 1995) or the formation of carbon–
carbon bonds (Hausch and Jäschke 1997; Sengle et al. 2001;
Fusz et al. 2005). Furthermore, researchers have taken advan-
tage of the relative ease, with which RNA and to less extent
also DNA molecules can be designed to engineer functional
nucleic acids acting as components of sensors or regulators of
cellular processes. Connecting catalytic activity with recogni-
tion of a specific ligand has led to so-called aptazymes that can
be used as ligand-responsive ribozymes to sense a molecule of
interest (analyte) (Soukup and Breaker 1999). The modular
assembly of ribozymes and aptamers into aptazymes or the
engineering of ribozymes that require additional nucleic acid
sequences for activity is a very attractive concept in synthetic
biology, in particular for the external regulation of gene ex-
pression (Win and Smolke 2007; Wieland and Hartig 2008).
Nowadays, research in this field has moved beyond molecular
design: ribozyme activity is integrated in genetic circuits to
program cellular behavior.

The selection and engineering of ribozymes have been
extensively reviewed (Link and Breaker 2009; Fujita et al.
2010). There, either naturally occurring ribozymes (Harris
2008), catalytic RNA/DNA as components of biosensors
(Müller et al. 2006; Cho et al. 2008; Lee et al. 2011; Nagraj
and Lu 2011), therapeutic nucleic acids (Soukup and Breaker
2000; Lewin 2010; Min and Kim 2012) or the demonstration
of RNA activities in the context of the ancient RNA world
(Breaker 2012; Meyer et al. 2012; Szostak 2012) is the central
theme. Over time, ribozyme engineering has become more
and more application oriented, on the one hand with the
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purpose of catalyzing reactions for specific functionalization
of biomolecules, and on the other to use ribozymes as regula-
tory elements in synthetic biology and molecular medicine.
Therefore, in this review, we will concentrate on selection and
design of ribozymes and DNAzymes for peptide synthesis and
modification and on ribozyme constructs acting as regulators
or modifiers of protein synthesis in the cellular context.

Ribozymes for peptide synthesis and modification

Aminoacylating ribozymes

A large number of ribozymes catalyzing the transfer of an
amino acid onto their own 3!-end have been developed and
mechanistically investigated. The first aminoacylation ribo-
zyme was discovered in 1995 by Yarus et al. (Illangasekare
et al. 1995). Using the powerful method of SELEX, the group
selected RNA species that rapidly aminoacylate their own 3!-
terminal 2!- or 3!-OH group with phenylalanine adenylate
(Phe-AMP) or tyrosine adenylate (Tyr-AMP) as activated
aminoacyl carrier. These first aminoacylase ribozymes were
soon accompanied by novel RNAs also selected in vitro and
catalyzing the same reaction: aminoacylation of their own 3!-
terminus with aminoacyl adenylates as activated donors
(Illangasekare et al. 1995; Jenne and Famulok 1998;
Illangasekare and Yarus 1999; Chumachenko et al. 2009).
Beyond the formation of an aminoacyl ester, several
ribozymes were shown to additionally support the transfer of
a second amino acid from aminoacyl-AMP in terms of peptide
bond formation (Illangasekare and Yarus 1999; Chumachenko
et al. 2009). Themost impressive RNA catalyst in this series is
a tiny five-nucleotide ribozyme performing RNA acylation in
trans, thus behaving like a true enzyme, and catalyzing the
formation of peptides up to three amino acids long (Turk et al.
2010). At elevated concentrations of Phe-AMP, this five-
nucleotide ribozyme was shown to form about 20 species of
aminoacyl-, peptidyl-, dipeptidyl- and mixed aminoacyl–
peptidyl RNAs (Turk et al. 2011).

In 1996, Lohse and Szostak selected a ribozyme that sup-
ported the transfer of an amino acid from the 3!-end of a short
RNA onto its own 5!-end. This scenario of amino acid transfer
from one RNA to another was later extended by the group
around Suga, who developed a ribozyme that catalyzes two
subsequent reaction steps: (i) self-aminoacylation onto the 5!-
OH group of the ribozyme in the presence of amino acid
cyanomethyl esters (aa-CME) and (ii) transfer of the 5!-O-
amino acid to the 3!-end of transfer RNA (tRNA) (Lee et al.
2000; Lee and Suga 2001). While the first variants of this
ribozyme were capable of aminoacylating only 4 % of tRNA
(Lee and Suga 2001), later versions supporting the aminoacyl
transfer from the 5!-end of the ribozyme to the 3!-end of a
specific tRNA by interaction of the ribozyme’s anti-anticodon

loop and tRNA’s anticodon loop improved to up to 17 % of
aminoacylated tRNA (Bessho et al. 2002).

Flexizymes

The work of Suga et al. described above was further extended
towards the development of versatile rather than specific RNA
catalysts for aminoacylation of tRNA including mischarging,
and thus paving the way to genetic code manipulation
(Murakami et al. 2003a, b, 2006; Ramaswamy et al. 2004;
Morimoto et al. 2011; Goto and Suga 2012). A ribozyme that
charges preferentially aromatic amino acids activated as aa-
CME onto specific kinds of tRNA (Saito and Suga 2001) was
used as precursor for further development into the so-called
flexizyme (Murakami et al. 2003b). The flexizyme charges
various tRNAs through a three base pair interaction between
the 3!-end of the ribozyme and the 3!-end of the substrate
tRNA (Fig. 1). The original motivation for this research was
the RNAworld hypothesis and the assumption that in primi-
tive translation systems RNA could have been the catalyst of
aminoacylation. The authors doubted the capability of RNA to
catalyze both reaction steps of aminoacylation, which are (i)
activation of the amino acid by adenosine triphosphate yield-
ing aminoacyl-AMP and (ii) the reaction of the activated
species with the 3!-end of tRNA. As an alternative scenario,
they discuss that in the prebiotic world the activation of amino
acids is achieved more likely by activating groups as
cyanomethyl esters. Following this hypothesis, they initially
selected in vitro an aminoacylating ribozyme that uses phe-
nylalanine activated as cyanomethyl ester to link it to the 3!-
OH of tRNA (Fig. 1; Saito et al. 2001a). The further process of
flexizyme evolution was reviewed in detail by Suga et al.
(2011). Briefly, experiments (metal-dependent kinetics,
chemical probing, nucleotide interferencemapping) were con-
ducted to disclose the sites necessary for catalysis and reduce
the sequence of the originally selected ribozyme to a mini-
mum (Saito et al. 2001b; Saito and Suga 2002). The so-called
r24 mini was used to design a new library for reselection
(Murakami 2003a, b), which led to the first flexizyme
(Fig. 1). This flexizyme was shown to recognize not only
phenylalanine cyanomethyl ester but also the corresponding
activated derivatives of tyrosine, tryptophane and other phe-
nylalanine analogues (Murakami et al. 2003a). Further vari-
ants of this flexizyme construct use amino acid-3,5-
dinitrobenzyl esters (Murakami et al. 2006; Ohta et al. 2007;
Goto et al. 2008a, b; Kawakami et al. 2008a, b) or amino acid-
chlorobenzyl- and (2-aminoethyl)-amidocarboxybenzyl
thioesters (Murakami et al. 2006; Niwa et al. 2009) instead
of aa-CME as substrates. Thus, also the substrate space re-
garding the amino acid side chain was extended. The
flexizymes dFx and eFx resulting from further re-selection
rounds accept non-aromatic amino acids (Murakami et al.
2006), and a third species called aFx is a useful tool for amino
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acid substrates having lower water solubility (Niwa et al.
2009). Flexizymes recruite their substrates by recognition of
the activating group rather than the amino acid side chain, and
they have no specificity for a cognate tRNA. This offers the
possibility of loading any desired amino acid (diverse side
chains, !- and "-amino acids) onto a chosen tRNA. Thus,
combination of flexizymes with a recombinant translation
system (PURE system; Shimizu et al. 2001) allowed for the
development of the flexible in vitro translation (FIT) system
(Murakami et al. 2006). In the FITsystem, pre-defined codons
are made available by omitting the cognate amino acids or the
respective aminoacyl-tRNA-synthetases. The “vacant” codon
can be re-occupied by a flexizyme, meaning that the corre-
sponding tRNA is charged by the desired amino acid. The
potential of this strategy was demonstrated by assembling N-
methyl-amino acids to peptides containing up to ten consecu-
t ive N-methyl-peptide bonds (proteinogenic and
nonproteinogenic amino acids; Kawakami et al. 2008b). The
incorporation efficiency was found depending on the specific
amino acid carrying the methyl group and ranges between 1%
(MeLeu) and 117 % (MeSer). Altogether, eight of 19 methylat-
ed proteinogenic amino acids were incorporated in the peptide
with over 30 % yield. Another successful application of the
FIT assay is the synthesis of cyclic peptides by using
tRNAfMet charged with N#-(#-chloroacetyl)-amino acid
(N#-CIA-aa) and the natural tRNACys for a further down-
stream located cysteine-specific elongation codon. The
resulting peptide spontaneously cyclizes by reaction of the
thiol in the cysteine side chain with the chloroacetyl function
of the modified amino acid, resulting in the formation of a
thioether. Making use of flexizymes, this scenario was further
adapted to alternative cyclization strategies (Kawakami and
Aimoto 2007; Kawakami et al. 2009; Yamagishi et al. 2011).

DNAzymes

Another approach towards peptide synthesis and modification
relies on the use of DNAzymes rather than ribozymes. The
first report on a catalytically active DNA developed by in vitro
selection for cleavage of an RNA backbone phosphodiester
was published in 1994 (Breaker and Joyce 1994). Since then,
various DNAzymes were discovered, all being artificial, and
so far there is no evidence for natural occurring DNAzymes.
Remarkably, 11 independent selections for RNA-linkage
cleaving DNAzymes resulted in the same motif (Schlosser
and Li 2010): the 8–17 DNAzyme (Santoro and Joyce 1997).

Beyond nucleolytic DNAzymes, DNA-based catalysts
with other functionalities were developed (Coppins and
Silverman 2004, Pradeepkumar et al. 2008, Wong et al.
2011, Sachdeva et al. 2012, Brandsen et al. 2013; Büttner
et al. 2013, Chandrasekar and Silverman 2013, Walsh et al.
2013). The Silverman laboratory has been particularly active
in this field and contributed DNAzymes that catalyze the

formation of a phosphodiester linkage between two RNA
substrates. In vitro selection afforded a DNAzyme supporting
a reaction that mimics the first step of splicing: formation of
2!,5!-branched RNA (Coppins and Silverman 2004) (Fig. 2a).
Interestingly, activity of this DNAzyme was found not being
limited to RNA branching. The catalytic repertoire was ex-
tended by incorporating the amino acids serine or tyrosine in
the oligonucleotide at the former 2!-branching site (Fig. 2b).
The hydroxyl group of the serine side chain or the tyrosine
phenol group were found acting as nucleophiles (replacing the
formerly attacking 2!-OH at the branch site adenosine) to
attack the 5!-triphosphate provided by the second oligonucle-
otide substrate in the active site of the DNAzyme and to form
a nucleopeptide linkage (Pradeepkumar et al. 2008). The rate
was accelerated 5!105-fold over background, underscoring
the catalytic effect. Further selections delivered DNAzymes
that catalyze the reaction of tethered or even of free peptides
with 5!-triphosphorylated RNA to a nucleopeptide (Fig. 2c;
Wong et al. 2011). The best candidate 15MZ36 supported
reaction between the tyrosine side chain of an untethered
tripeptide (CYA) and an RNA-5!-triphosphate with up to
65 % yield and an apparent rate constant kobs=0.5 h!1.
Interestingly, in all of the selected DNAzymes, tyrosine was
observed being a better substrate than serine. Each species
selected for serine delivered better yields when reaction with
tyrosine was allowed. Also, the above mentioned 15MZ36
initially was a result of a selection assay designed with serine
as substrate. In general, the authors demonstrated that discrim-
ination among different types of amino acids is not the crucial
factor for selectivity in DNAzyme-mediated protein modifi-
cation. Instead, differentiating between identical side chains
presented at different positions along the peptide chain turned
out being a key feature. Until now, there is no information on
the tertiary structure or the catalytic mechanism of peptide
modifying DNAzymes. Secondary structure predictions based
on energy minimization show stem-loop structures for all
species of serine and tyrosine modifying DNAzymes.
However, the predicted structures were associated with low
folding energies, and no obvious relationship between se-
quences and stem-loop structures among the different
DNAzymes was found.

In order to further extend the repertoire of peptide modify-
ing DNAzymes, the 15MZ36 variant was used in a re-
selection experiment, which resulted in a novel DNAzyme
supporting the dephosphorylation of a peptide (Chandrasekar
and Silverman 2013). The selection strategy was smartly
designed, as the original 15MZ36 DNAzyme was used for
capturing the dephosphorylated peptide conjugated to the
active DNAzymes (Fig. 3). 15MZ36 supports reaction of the
dephosphorylated tyrosine with the 5!-terminal triphosphate of
a separately added capturing oligonucleotide, thus allowing
for isolation of active DNAzymes from inactive sequences.
Activity of the selected phosphatases depends on Zn2+, and
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inherent to the selection strategy initially tethered substrates
were converted. However, also free peptides turned out being
suitable substrates for dephosphorylation by the selected
DNAzymes. Phosphoserine was hydrolyzed with a half-life
on the order of 1 h, whereas the half-life of phosphotyrosine in
the assay was only about 1 min. This is a considerable rate
enhancement compared with the estimated half-life of 4!1010

years for the non-catalyzed hydrolysis of phosphoserine and
2!104 years for phosphotyrosine (Lad et al. 2003; Schroeder
et al. 2006). The DNAzyme 14WM9 performs multiple-
turnover dephosphorylations of a free peptide substrate, and
activity was shown being maintained in human cell lysate or
BSA. Moreover, an artificial 91-mer peptide chain bear-
ing the phosphorylated hexapeptide sequence, which
was used for selection, at the C terminus, was dephos-
phorylated by 14WM9 to 94 % in 36 h (Chandrasekar
and Silverman 2013).

Consequently, Silvermann et al. looked also for
DNAzymes that can phosphorylate tyrosine residues in pep-
tides and succeeded in selection of deoxyribozymes that

transfer the !-phosphoryl group from a 5!-triphosphorylated
donor oligonucleotide (or GTP) to the tyrosine hydroxyl
group of a tethered hexapeptide (Walsh et al. 2013).

Based on the successful usage of DNAzyme 15MZ36 for
capturing of phosphatase DNAzymes as described above
(Fig. 3), another interesting application was envisioned: the
covalent tagging of phosphorylated peptides (Sachdeva et al.
2012). This may serve for quantitative analysis of the phos-
phorylation status of a protein, which is an important marker
in immunology, endocrinology and neurochemistry, because
it may decide on the biological function of a protein or
peptide. Inspired by the 15MZ36 DNAzyme, novel
DNAzymes were selected, which accept a phosphorylated
tyrosine in the hexapeptide chain used before for selection of
15MZ36. The phosphorylated peptide reacts with the 5!-
triphosphorylated RNA forming a pyrophosphate link-
age. In contrast to 15MZ36, the newly selected variants
8VM1 and 8VPI accept exclusively the phosphorylated
substrates and do not show activity towards TyrOH or
SerOH (Sachdeva et al. 2012).

Fig. 1 Generation of flexizymes by engineering and in vitro selection.
The procedure starts with an RNA pool comprising a randomized se-
quence of 70 nt for in vitro selection of catalytic precursor tRNAs (r24).
Structure minimization of r24 delivered the first generation flexizyme r24
mini catalyzing the trans-aminoacylation of a tRNA. A doped pool of r24
mini was prepared to select the second generation flexizyme Fx. This

again was used as basis for preparation of a doped pool for selection of
further flexizymes dFx, eFx and aFx, which accept non-aromatic amino
acids and recognize aromatic leaving groups. Bbiotin, CME cyanomethyl
ester, Phe phenylalanine; randomized sequence areas are marked in grey
(adapted from Suga et al. 2011)
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Ribozymes for intracellular application

Hammerhead ribozyme-aptamer constructs for control
of gene expression

The hammerhead ribozyme (HHR) is the most prominent
ribozyme that has been used for a long time to control gene
expression by trans-cleavage of the targeted mRNAs
(Bramlage et al. 1998). Subsequently, ribozymes have been
combined with aptamers to form aptazymes, molecular
switches that allow cleavage in a ligand-dependent fashion
(Soukup and Breaker 1999; Piganeau et al. 2000; Hartig et al.
2002). Mulligan et al. demonstrated, by inserting the full-

length HHR into the 5!-untranslated region (5!-UTR), the 3!-
UTR or an intronic region of a eukaryotic mRNA, that auto-
catalytic cleavage of the HHR resulted in mRNA destabiliza-
tion by degradation and thus in decreased gene expression
(Yen et al. 2004).

Following this initial demonstration of intracellular HHR
activity, application of long known in vitro inducible
aptazymes for in-cis control of gene expression in vivo was
achieved mainly by both the Smolke and the Hartig group
(Win and Smolke 2007; Wieland and Hartig 2008). Very
importantly, new HHR variants with high cleavage activity
in vivo were needed for this task. Fast-cleaving HHR formats
with stem I/II contacts discovered in 2003 and having led to

Fig. 2 Deoxyribozyme variants.
aDeoxyribozyme supported
formation of 2!,5!-branched RNA
(Coppins and Silverman 2004).
b Deoxyribozyme supported
formation of a tyrosine–RNA
nucleopeptide linkage
(Pradeepkumar et al. 2008). The
substrate is an RNA carrying a
tyrosine instead of the branch site
adenosine shown in (a). c
Deoxyribozyme supported
formation of a peptide–RNA
nucleopeptide linkage. The
substrate is the free tripeptide
CYA (Wong et al. 2011)
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spectacular resolution of a long-standing problem in
explaining HHR catalysis (Khvorova et al. 2003) turned out
being particularly suitable here. Thus, an HHR-derived
aptazyme was placed into the 3!-UTR of a eukaryotic
mRNA, such that regulation was only based on mRNA cleav-
age (Fig. 4a,b). Two different systems were engineered. In the
first system, gene expression is ensured by ligand-dependent
inhibition of the ribozyme (Fig. 4a), whereas in the second
one, gene expression is suppressed by activated ribozyme-
mediated mRNA cleavage (Fig. 4b). Two different ligands,
theophylline and tetracycline, and the two corresponding
aptamers were used to demonstrate the modularity of the
approach (Win and Smolke 2007). Another tetracycline in-
ducible self-cleaving ribozyme construct was used for gene
regulation in yeast (Wittmann and Suess 2011), and in a very
recent seminal work, Yokobayashi et al. reported on small
molecule responsive hepatitis delta virus ribozymes that reg-
ulate cis-gene expression by theophylline and guanine up to
29.5-fold in mammalian cell culture (Nomura et al. 2013).

In another recent work, Saragliadis and Hartig (2013)
report on an RNA tool that can regulate the ribosomal incor-
poration of different amino acids at a particular site to form
different protein variants. The principle of this method is
based on aptazyme-mediated control of two competing

transfer RNAs (tRNA) that recognize an artificial amber co-
don, which was placed in the mRNA of interest (Fig. 4c,d).
Addition of the cognate ligand as an external stimulus decides
whether tRNA1 or tRNA2 is used during translation of the
particular codon. The system was tested in Escherichia coli.
Control of tRNA functionality was achieved by disruption of
acceptor-(Ac-) and D-arm formation by conjugation of a ham-
merhead ribozyme (HHR) to the tRNA-5!-terminus (Fig. 4c).
For the alanine amber-suppressor tRNA, a theophylline-
responsive ribozyme (theoON-tRNAAla CUA) was used, and
for the serine amber-suppressor tRNA (tppON-tRNASer CUA)
a thiamine pyrophosphate (TPP)-responsive ribozyme. The
inactive ribozyme residing at the 5!-terminus hampers further
processing and thus inhibits the formation of functional tRNAs.
If the cognate ligand is present, the ribozyme is activated, such
that self-cleavage can occur delivering a functional tRNA that
can be further processed and subsequently used for translation
(Fig. 4d). The incorporation of either amino acid in response to
the external trigger molecule was validated by electrospray
ionization-mass spectrometry.

Another report from the Hartig laboratory introduced
engineered HHRs that allow sensing of small trans-acting
RNAs (taRNAs) in E. coli by control of translation initiation
(Fig. 4e; Klauser and Hartig 2013). An HHR was placed
within the 5!-UTR of a reporter mRNA in a way that the
ribosome binding site (RBS) is made inaccessible to the
ribosome. Autocatalytic cleavage of the ribozyme uncovers
the RBS allowing translation to occur. Cleavage can be
blocked in the presence of a taRNA, binding to the taRNA
responsive element within the HHR domain. Binding leads to
disruption of an active HHR structure and consequently to
inhibition of cleavage. Accordingly, the RBS is sequestered
resulting in translational repression. Last, with respect to
therapeutic application, Hartig et al. have demonstrated the
potential of a ligand-dependent self-cleaving HHR construct
for regulation of expression of therapeutic genes in
adenovectors (AdVs), adeno-associated vectors (AAVa) and
oncolytic adenoviruses (OAds) (Ketzer et al. 2012).

Reporter-based screening and selection of enzymes

Another intracellular application of ribozymes is their use as
in vivo reporter systems, for example for the screening and
selection of enzymes. In this scenario, activity of the ribozyme
depends on the activity of the enzyme of interest. Strikingly, the
product of an enzyme reaction or of an enzyme cascade decides
on the activity of a regulatory riboswitch or ribozyme that for its
part controls translation of a reporter protein. A suitable design
involves a self-cleaving ribozyme that is combined with an
aptamer, and the aptamer–ribozyme construct is inserted in an
mRNA encoding a suitable reporter protein. The ribozyme, by
hydrolysis of a nucleic acid phosphodiester linkage in the
backbone of the mRNA, disables translation of the reporter.

Fig. 3 In vitro selection of deoxyribozymes with phosphatase activity
(adapted from Chandrasekar and Silverman 2013). Phosphatase
deoxyribozymes were selected from a DNA pool comprising 40 nucleo-
tides of randomized sequence. Active sequences were captured using the
deoxyribozyme 15MZ36 that supports nucleopeptide linkage formation
as depicted in Fig. 2b. Dashed covalent loops were required for the
selection process but were dispensable for catalysis. X tyrosine or serine
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Fig. 4 Strategies for aptazyme-controlled gene expression. Simplified
schematic presentation of bimodular aptamer-hammerhead ribozyme
constructs positioned in the 3!-UTR of transcripts (a, b), at the 5!-terminus
of tRNAs (c, d) or in the 5!-UTR of transcripts (e). The filled triangle
marks the cleavage site in all constructs. The grey pentagon and circle
indicate different ligands binding to the respective structure element. a
Gene expression is ensured by ligand-dependent inhibition of the ribo-
zyme, whereas in the absence of the ligand translation is inhibited. bGene
expression is suppressed by ligand-induced activation of the ribozyme
and mRNA cleavage, whereas in the absence of ligand translation is ON.
c Inhibition of tRNA processing by an inactive aptazyme in the 5!-leader
sequence. Control of tRNA functionality is achieved by disruption of

acceptor (Ac)-arm and D-arm formation by the aptazyme construct. The
presence of a suitable ligand leads to activation of the ribozyme and
cleavage, leaving a tRNA that can be further processed and then used for
translation. d Aptazyme-mediated control of two competing tRNAs fol-
lowing the principle shown in (c). e The SD sequence of a transcript is
buried in a double stranded structure by a HHR construct in the 5!-UTR.
Autocatalytic cleavage of the HHR removes the 5!-terminus, setting free
the SD element. Cleavage can be blocked in the presence of a taRNA that
binds to the HHR domain and disrupts the active HHR structure. As a
result, translation is switched OFF. SD = Shine–Dalgarno sequence
(ribosome binding site); the grey line denotes the binding site of the
taRNA
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However, when a suitable ligand binds to the aptamer, a
conformational change of the ribozyme–aptamer domain
is taking place, preventing ribozyme cleavage and thus
enabling translation to occur (Fig. 4a; Gredell et al.
2012).

Michener and Smolke (2012) developed a screening strat-
egy, where the concentration of a product metabolite, theoph-
ylline, was linked to reporter expression in Saccharomyces
cerevisiae by a theophylline-responsive ribozyme located in
the 3!-UTR of gfp. The presence of the cognate ligand the-
ophylline inhibits ribozyme activity, resulting in a functional
gfp transcript and production of Green Fluorescent Protein
(Fig. 4a). Measurement of fluorescence by flow cytometry
for clonal cultures or by fluorescence-activated cell
sorting (FACS) for single cells was used for high
throughput screening of large enzyme libraries (!106).
Additionally, this method is sufficiently sensitive to
detect small changes in fluorescence and thus small
variations of enzyme activity. By iteratively applying
this screening method to caffeine demethylase libraries
in yeast, several beneficial mutations could be identi-
fied, which made it possible to increase the enzyme
activity in vivo by 33-fold and the product selectivity
by 22-fold. Application of this strategy even allows for
the improvement of whole metabolic pathways. This can
be achieved by detection of multiple signals originating
from different enzymes when using for instance differ-
ent GFP variants and aptazymes with differing ligand
specificities (Michener and Smolke 2012).

As another interesting intracellular application of ribozymes,
Smolke et al. report about an RNA-based regulatory system that
enables the control of mouse and primary human T cell prolifer-
ation (Chen et al. 2010). The system is composed of an input
domain (aptamer) and an output domain (self-cleaving
ribozyme). The functionality of this type of ribozyme switch
platform was already demonstrated in the microorganism
S. cerevisiae (Win and Smolke 2007, 2008). However, in mam-
malian cells, activity had not been tested until recently. The
ribozyme-based regulatory device responds to cytokines, which
are molecules that stimulate cell growth. The original effect of
the cytokines is amplified through the JAK-STAT signaling
pathway. In order to control cytokine production, a
theophylline-responsive ribozyme was placed in the 3!-UTR
of a gene encoding the proliferative cytokine IL-2. In the
absence of the ligand, the ribozyme is active (Fig. 4a),
leading to rapid degradation of the target transcript, and thus
to decreased cytokine production and suppression of auto-
crine cell growth. In contrast, addition of theophylline as
input molecule leads to induction of cell proliferation. It
has been shown that the response intensity of this
ribozyme-based regulatory system depends on the input con-
centration, enabling expression levels to be adjusted on the
basis of input availability.

Ribozyme-mediated modulation of genetic information
at transcript level

More complex ribozyme activities have been used for repair
of defective genes at transcript level (Sullenger 2003). A
reasonable approach would be the application of ribozymes
that are able to site specifically modify a mutated transcript in
order to restore its original and functional information. Known
examples of ribozymes possessing this potential are the
spliceosome and the group-I-intron ribozymes modified in a
manner to allow trans-splicing (Sullenger and Cech 1994;
Puttaraju et al. 1999). Our laboratory has contributed to this
field by the development of twin ribozymes, a functional
molecular entity that is potentially suited for the repair of a
mutated gene at the level of mRNA (Welz et al. 2003). Twin
ribozymes are small RNAs derived from the hairpin ribozyme
by tandem duplication. They mediate two chain cleavages and
two ligation events in a strictly controlled fashion. This activ-
ity can be used to cut a target sequence out of a suitable RNA
substrate, i.e. a pre-defined transcript, followed by ligating a
new fragment into the gap left behind. Depending on the
specific design of the twin ribozyme–substrate complex, frag-
ments of equal lengths are exchanged (Vauléon et al. 2005), or
a shorter patch is replaced with a longer (Welz et al. 2003) one
and vice versa (Drude et al. 2007). Thus, the system enables
the repair of short deletions, insertions or base replacement
mutations at transcript level, making twin ribozymes potential
tools for modulation of genetic information and moreover for
phenotypic correction of genetic disorders. So far, twin
ribozymes have been studied only in the test tube. It remains
to be seen to what extent intracellular activity of twin
ribozymes can modulate the expression of pre-defined genes.

Concluding remarks

Ribozyme technologies have developed to a stage allowing
the engineering of DNA or RNA devices with pre-defined
functionalities. A number of ribozymes and DNAzymes were
developed with activities beyond the initially observed reac-
tions at the phosphodiester backbone of nucleic acids. As
reviewed here, nucleic acid enzymes have shown to synthe-
size and modify peptides, and it is probably just a matter of
time when those catalysts will have further developed to work
on protein substrates. With respect to intracellular application,
the combination of ribozymes with aptamers is particularly
attractive for the design of programmable and tunable RNA
controllers that can be incorporated in genetic circuits. The
already demonstrated diverse regulatory strategies for the
dynamic modulation of systems behavior hold great promise
for further application. The future perspectives of ribozyme
technologies in biotechnology and systems biology are cer-
tainly associated with challenges such as the need for high-
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throughput, high-efficiency in vitro selection methods, or
computational tools supporting the rational design of func-
tional nucleic acids. Thus, there is much to be anticipated over
the next years.
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Abstract Site-specific functionalization of RNA and DNA molecules has become
a major task in nucleic acid chemistry. Synthetic RNAs are required for a large
number of applications. Beyond synthetic RNA for antisense, aptamer, ribozyme,
and siRNA technologies, oligoribonucleotides carrying site-specific modifications
for structure and function studies are needed. A wide variety of monomer-building
blocks is commercially available to be used for site-specific incorporation by solid-
phase RNA synthesis. However, the efficient chemical preparation of RNA is
limited to oligomers of about 60–70 nucleotides. Therefore, efficient strategies
for fragment ligation or other alternative novel protocols are required. We here
provide an overview on our work on the synthesis of site-specifically modified
long-mer RNAs, focusing on enzymatic and chemical ligation of synthetic RNA
fragments and on ribozyme-mediated sequence exchanges.
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1 Introduction

Over the past two decades RNA has become a major focus of research into structure
and biological function as well as diagnostic and therapeutic application. The
cellular functions of RNA are manifold, and they are fulfilled by a large variety
of small and long noncoding RNAs (Aalto and Pasquinelli 2012; Serganov and
Patel 2012; Moran et al. 2012). Biomolecular function is tightly bound to structure,
and therefore, structural studies of functional biomolecules are of utmost impor-
tance. In that, crystallization and x-ray analysis gain a key position. However,
techniques like NMR-, EPR- or fluorescence spectroscopy that allow looking at
the structure and dynamics of biomolecules in solution, have become highly
competitive, and nowadays are more and more applied to the elucidation of
biomolecular structure. Those methods however, require the site-specific introduc-
tion of particular reporter units such as isotops, spin probes, or dyes, in order to
make the molecule “visible” for the chosen spectroscopic technique. What holds for
structural studies, often also applies to investigations into biomolecular function.
Here, modified nucleobases, sugar, and backbone modifications or any kind of
functional entities attached to the RNA of interest are required to learn about its
function and the mechanism of action.

The method of choice for site-specific incorporation of modified nucleosides into
RNA is chemical synthesis using modified nucleoside phosphoramidites. This
allows for specific localization of a desired functionality at a predefined position
of the RNA strand, something that enzymatic synthesis of RNA cannot achieve. For
chemical synthesis, the desired functionality either is available as phosphoramidite
and thus is directly incorporated during RNA chain assembly, or alternatively,
functional entities such as for example aliphatic amines, thiols, alkynes, or azides
are introduced via suitable phosphoramidite-building blocks and used afterwards
for post-synthetic attachment of a desired modification. However, the limitation of
an adequate product yield of long chemically synthesized RNAs makes this strategy
only suitable for functionalization of rather short, synthetically available oligomers.
Hence, modification of long transcripts or natural RNA requires alternative chem-
ical or enzymatic techniques allowing for internal or end labeling. The most
obvious strategy would be chemical synthesis of short RNA fragments followed
by joining these fragments via covalent linkages. Accordingly, a number of pro-
tocols for enzymatic or chemical ligation of synthetic oligonucleotides have been
developed. Furthermore, natural or in vitro transcribed RNAs are also prone to
modification by using either strategies for 50-or 30-terminal modification or
engineered tools such as twin ribozymes for site-specific introduction of a certain
functionalization. In the following subchapters we will discuss methods applied in
our laboratory for the preparation of specifically modified long RNAs, starting from
chemical synthesis of oligoribonucleotides and suitably functionalized building
blocks, over post-synthetic modification, enzymatic and chemical ligation of
RNA-fragments, up to ribozyme-mediated RNA functionalization.
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2 Chemical Synthesis of Natural and Modified
Oligoribonucleotides

For the chemical synthesis of natural and modified oligoribonucleotides, we make
use of the phosphoramidite approach in conjunction with 20-O-TBDMS chemistry.
Controlled pore glass (CPG) is used as solid support, to which the first ribonucle-
oside derivative is attached via its 20- or 30-OH group as a succinate linkage. The
procedure is based on 20-O-tert-butyldimethylsilyl (TBDMS) nucleoside protection
and involves sequential couplings of !-cyanoethyl-(N,N-diisopropylamino)-
phosphoramidites of 50-O-dimethoxytrityl-20-O-TBDMS nucleosides. The exocy-
clic amino groups of the nucleobases are protected either with phenoxyacetyl
(PAC) for adenosine, isopropyl-phenoxyacetyl (iPr-PAC) for guanosine, or acetyl
for cytidine. The standard synthesis is on the micromole scale. First, the 50-O-
protecting group of the starting nucleoside on the support is removed under acidic
conditions. Subsequently, the incoming phosphoramidite is coupled to the growing
chain in the presence of an activator. We use 1-(benzylmercapto)-1H-tetrazole
activation, allowing for coupling yields in the 98–99 % range (Welz and Müller
2002). After the coupling reaction, the 50-hydroxyl groups that have not been
coupled are capped with acetate groups, and the newly formed phosphite triester
is oxidized to the requested phosphotriester. The cycle is repeated until an oligo-
nucleotide of desired length has been synthesized.

Following chain assembly, removal of base-protecting groups is accomplished
using aqueous ammonia (30 %) and ethanolic methylamine in a 1:1 mixture for 2 h
at room temperature. Further, fluoride ion treatment is necessary to remove the
20-O-TBDMS groups. While 1 M tetrabutylammonium fluoride was conventionally
used for this purpose, we prefer the use of triethylamine trihydrofluoride first
suggested by Gasparutto et al. (1992). In combination with polar aprotic solvents
and at elevated temperatures, this reagent offers advantages in speed and reliability
(Wincott et al. 1995). Therefore, we use triethylamine trihydrofluoride/DMF (3:1)
at 55 !C for 1.5 h for efficient removal of the 20-O-TBDMS groups. Following
deprotection, the oligonucleotide is desalted by precipitation with n-butanol and
purified by HPLC or polyacrylamide gel electrophoresis (Müller et al. 2004;
Rublack et al. 2011).

As mentioned above, site-specific labeling of RNA molecules requires the
incorporation of an appropriate modified nucleotide during the chemical solid-
phase synthesis of oligomers. Apart from the four natural ribonucleosides, a large
number of phosphoramidite-building blocks are available, allowing for either direct
introduction of the desired modification, or introduction of a suitable precursor that
can be used for post-synthetic attachment of a chosen functional unit. However, as
the yield of RNA is directly proportional to its length, this technique is only
efficient for small and mid-size RNAs.

Synthesis of Site-Specifically Modified Long-mer RNAs 479



3 Monomer-Building Blocks for Post-Synthetic
Modification of RNA

Among the methods for the synthesis of modified RNA, post-synthetic functiona-
lization has become a major technique. It is of particular importance to labeling of
RNAs with spectroscopic reporters such as dyes and spin probes, since those often
are not stable enough under the conditions of chemical RNA synthesis. Therefore,
suitable functionalities provided as phosphoramidite-building blocks are coupled
during RNA chain assembly and upon synthesis and purification of the oligoribo-
nucleotide are selectively reacted with the desired molecular entity (Fig. 1).

Among the chemistries depicted in Fig. 1, the incorporation of aliphatic amines
followed by coupling of a desired functionality activated as NHS ester is probably
themost common technique (Davies et al. 2000). However, also thiol groups, inmost
cases provided as 4-thiouridine at a desired position of the synthetic RNA, have been
used for conjugation chemistry (Sontheimer 1994; Yu 1999; Wunnicke et al. 2011).
More recently, azide alkyne coupling has become a powerful method for post-
synthetic RNA functionalization, requiring either an azide to be incorporated in
the RNA and the alkyne provided by the functional entity or vice versa (Paredes
2011). All these techniques require modified monomer-building blocks to be incor-
porated into oligonucleotides and a suitable protocol for post-synthetic conjugation.

A number of monomer-building blocks providing the functionalities shown in
Fig. 1 are commercially available. However, to extend this repertoire, we have
synthesized a variety of 50-O-dimethoxytrityl-20-O-tert-butyldimethylsilyl-
protected 30-O-phosphoramidites of nucleosides carrying amino linkers of different
length and flexibility at the heterocyclic base. In particular, we have focused on
derivatives with the linker attached to C5 of the pyrimidine bases and to C8 and C2
of the purine bases (Rublack et al. 2011; Sindbert et al. 2011) (Fig. 2). The amino
linkers were introduced by either Heck or Sonogashira cross-coupling reactions
prior to or after introduction of the required protecting groups at exocyclic amines
and at the 50- and 20-OH groups. Finally the protected linker-modified nucleosides
were converted to phosphoramidite-building blocks and used for RNA synthesis.

Fig. 1 Strategies for post-
synthetic functionalization
of oligonucleotides. From
top to bottom: Amide bond
formation (NHS ester
strategy), disulfide bond
formation, triazole
formation by “click
chemistry,” R any label of
interest, e.g., dye
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The amino-modified RNAs were labeled with suitable donor and acceptor dyes
for fluorescence spectroscopy, in particular FRET measurements (Sindbert
et al. 2011) or conjugated to flavine mononucleotide (Rublack et al. 2011) for the
investigation of ribozyme action. Furthermore, 20-aminouridine and 4-thiouridine,
commercially available as monomer-building blocks for RNA synthesis, were used
to attach spin labels to the tetracycline aptamer, to be investigated by EPR spec-
troscopy (Wunnicke et al. 2011).

Other commercially available monomers that we have used in a number of
studies for post-synthetic functionalization are 50-terminal amino (Drude
et al. 2007, 2011) or thiol linkers (Piekielska et al. 2011), as well as specifically
functionalized solid supports for the synthesis of oligonucleotides with terminal
30-phosphate, 30-amino or 30-sulfhydryl groups to conjugate fluorescent probes and
affinity labels, as well as to immobilize oligonucleotides to gold surfaces
(Piekielska et al. 2011).

4 50- and 30-Terminal Modification of RNA Molecules

The insertion of modified nucleotides at internal positions of an RNA bears the risk
of altering the RNA topology and thus also its properties. In order to minimize the
potential negative impact on the RNA structure and to allow for proper folding of
the oligonucleotides, attaching labels onto either the 30- or the 50-end of the
oligonucleotide may be less dangerous. Furthermore, 30- or 50-terminal
end-labeling is less dependent on the size of the RNA molecule and thus is also
suitable for functionalization of long RNAs. Although, it has to be taken into
account that longer RNA molecules have a higher tendency for folding into

Fig. 2 Monomer RNA-building blocks carrying amino linkers of different length and flexibility
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complex structures, which eventually, even at denaturing conditions, might seques-
ter the termini from reaction.

As discussed in the previous chapter, a large variety of phosphoramidite-
building blocks for 30- and 50-end labeling of synthetically prepared RNAs are
commercially available. These building blocks contain suitable functionalities for
post-synthetic labeling such as amino and thiol groups as well as halogen atoms like
fluorine and bromine. Furthermore, they themselves can act as reporter groups (e.g.,
dyes) and anchoring molecules. All of these building blocks are fully compatible
with the standard phosphoramidite coupling chemistries like the TBDMS-, ACE-,
and TOM-chemistry (Müller et al. 2004). In addition, several strategies were
developed that take advantage of the unique reactivity of the RNA termini
(Sampson and Uhlenbeck 1988; Oh and Pace 1994) and thus allow functiona-
lization of natural or in vitro transcribed RNA at both ends. It involves activation
of either terminus, by addition of EDC and imidazole for the 50-terminus, and
periodate for the 30-terminus. Subsequently, the RNA can be linked to an amino- or
hydrazide-modified tag (Hermanson 2008; Willkomm and Hartmann 2009). Enzy-
matic modification of the 50-terminus of RNAs can be performed for example by
introduction of phosphate isotopes using T4 PNK (T4 polynucleotide kinase), or by
transcription priming, which even allows the incorporation of modified nucleosides.
The addition of modified nucleosides to the 30-terminus is mediated by a range of
suitable enzymes, e.g., PUP (poly(U) polymerase), PAP (poly(A) polymerase), or
TdT (terminal deoxynucleotidyl transferase) (England and Uhlenbeck 1978a, b;
Igloi 1996; Martin and Keller 1998; Rosemeyer et al. 1995; Winz et al. 2012).
However, the product yield, when using these methods, still remains rather low.
Nevertheless, as a commonly used method, the post-synthetic modification of long
RNAs at their 30-end is achieved by oxidation with metaperiodate ions. In 1928,
Malaprade has shown that periodate ions can selectively oxidize adjacent hydroxyl
functional groups in acidic, neutral, or weakly alkaline solutions at room temper-
ature (Malaprade 1928). In that, cis-diols undergo cleavage of the carbon–carbon
bond leading to aldehydes. Accordingly, the cis-diol moiety of the ribose sugar of
the 30-terminus of RNA can be subjected to periodate oxidation yielding a
dialdehyde (Marinetti and Rouser 1955), which can be further derivatized with a
nucleophilic tag (Winston et al. 2001). Most common tags used for this technique
like dyes, biotine derivatives, or linkers can be purchased as hydrazides,
semicarbazides, thiosemicarbazides, and primary amines (Fig. 3). The reaction
between the 30-oxidized RNA and primary amines forms only slightly stable
products. However, the following reduction by borohydride compounds leads to
stable morpholino derivatives. Hydrazide-modified labels react with aldehydes to
form hydrazone linkages, making the reaction much more efficient. The addition of
sodium cyanoborohydride will further increase the reaction efficiency and enhance
the bond stability over time and pH changes.

The periodate-mediated oxidation step is very mild and doesn’t affect other
RNA-specific functionalities. This labeling technique has some advantages over
alternative methods. It is a rather cheap way of attaching reporter groups onto any
RNAs, independent of the specific sequence and length. Moreover, via this route, a
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large variety of molecules can be very efficiently coupled to the 30-end of the RNA.
In addition to attaching reporter groups onto RNA, it is also possible to achieve
general RNA functionalization. For example, we have synthesized a cytidine
derivative containing a hexaethylene glycol tether bearing a primary amino group
(Fig. 4a). At the C4-position of the heterocyclic base, we have incorporated a short
linker connected to a biotin moiety. After 30-end oxidation of a suitable RNA
library, the generated 30-terminal dialdehydes react with the aliphatic primary
amino group of the cytidine derivative (Fig. 4a), allowing attaching the resulting
modified RNAs onto a solid phase through biotin-streptavidine interaction and to
carry out in vitro selection experiments.

With the same purpose, we have synthesized a cytidine derivative coupled to
guanosine (Fig. 4b) in order to modify the 50-end of the members of an RNA library
via transcription priming. In 1988, Sampson and Uhlenbeck carried out a run-off
in vitro transcription experiment, where GMP was present along with the other
NTPs (Sampson and Uhlenbeck 1988). They observed that for the enzymatic
preparation of RNA, the T7 RNA polymerase not only accepts GTP as substrate
but also modified guanosine monophosphates (Milligan and Uhlenbeck 1989).
Prerequisites for successful incorporation of guanosine derivatives into an RNA
strand are the guanosine-50-monophosphate moiety as well as a free 30-hydroxyl
group. These modified guanosines are also referred to as initiator molecules
because nucleotides that don’t possess a triphosphate at their 50-end can only be
attached at the 50-end of the nascent RNA chain. The incorporation of the modified
guanosine occurs statistically for which reason the initiator molecule should be
used in excess over GTP. There are several examples for successful transcription
priming reactions described in the literature (Seelig and Jäschke 1999; Eisenführ
et al. 2003; Wolf et al. 2008). By using a chemically synthesized biotinylated
adenosine coupled to guanosine, we were able to determine the yield of incorpo-
ration of the initiator molecule into a 39-mer RNA. In addition, transcription
priming seems to be a promising technique for the evolution of ribozymes catalyz-
ing a variety of chemical reactions such as Diels–Alder and Michael reaction
(Seelig and Jäschke 1999; Eisenführ et al. 2003).

Fig. 3 Periodate-mediated oxidation of the 30-end of RNA and reductive coupling to amino group
bearing derivatives
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5 Enzymatic Ligation of RNA Fragments

Due to the limitations of chemical RNA synthesis mentioned above, ligation of
synthetic RNA fragments has become an important option for the preparation of
long modified RNAs. Thus, the desired modification can be incorporated in
oligoribonucleotides of appropriate lengths by chemical synthesis, followed by
joining the individual fragments to the full-length RNA. Basically, also in vitro
transcription can efficiently produce long RNAs. However, apart from 50- and
30-end modification, this procedure is limited to unmodified or, in the best case,
statistically modified molecules. Therefore, fragment synthesis followed by enzy-
matic or chemical ligation most often is the method of choice. Several protocols
exist for the enzymatic ligation of RNA fragments (Turunen et al. 2013). Most
commonly used are three different polynucleotide ligases, capable of ligating nicks
in single- and/or double-stranded DNA or RNA constructs: T4 DNA ligase
(T4 Dnl), T4 RNA ligase 1 (T4 Rnl 1), and T4 RNA ligase 2 (T4 Rnl 2). These
three ligases are encoded by the genome of bacteriophage T4 during infection of
host bacteria (Remaut et al. 1983; Miller et al. 2003). They catalyze the formation
of a phosphodiester bond between 50-phosphate and 30-hydroxyl end groups in
DNA or RNA. The oligonucleotide carrying the 50-terminal phosphate acts as a
donor strand, whereas the oligomer carrying the terminal 30-hydroxyl group to be
linked to the donor strand is called the acceptor strand. All three ligases require
ATP as cofactor.

When using T4 DNA ligase, the ligation site needs to be located within a double-
stranded region of the nucleic acid. The duplex may exist of only DNA or RNA or
can be a DNA/RNA hybrid (Pheiffer and Zimmerman 1983; Rossi et al. 1997).

Fig. 4 Cytidine derivatives
for RNA functionalization
by 30-end labeling via
periodate-induced oxidation
(a) and 50-end labeling of
RNA through transcription
priming (b)
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Single-stranded regions are not accepted as substrate. For ligation of two RNA
fragments with T4 DNA ligase, it is a good choice to use a DNA complement also
known as splint, to create the required double stranded region around the ligation
site (Fig. 5). After ligation, the splint can be digested with DNase. Therefore,
purification of the ligated RNA product is easily performed by PAA gel electro-
phoresis. It has been shown that the length of the splint affects the efficiency of the
ligation (Kurschat et al. 2005). The temperature optimum for the enzyme is 16 !C. It
is also possible, ligating three or more RNA fragments in a one-pot reaction by
using several specific or just one full-length DNA splint (Turunen et al. 2013). For
each individual system, reaction conditions need to be defined in order to achieve
efficient ligation. Varying the equivalents of donor, acceptor, and splint is another
important parameter with strong impact on the ligation yield (Rader et al. 2006).

T4 RNA ligase 1 (T4 Rnl) supports the ligation of single-stranded nucleic acids
and accepts DNA and RNA fragments as substrates (Middleton et al. 1985;
Edwards et al. 1991). T4 RNA ligase 2 (T4 Rnl2) ligates RNA acceptor strands
(30-hydroxyl group) with RNA- or DNA-donor strands (50-phosphate group) and is
much more efficient for joining nicks in ds RNA substrates than connecting the ends
of ssRNA (Nandakuman and Shuman 2004; Bullard and Bowater 2006). It is
possible to use both types of T4 RNA ligase to cyclize linear ssRNA substrates
(Ho and Shuman 2002), as for example the intramolecular circularization of a linear
RNA strand to an authentic infectious circular RNA of the citrus exocortis viroid
strain A (CEV-A) (Rigden and Rezaian 1992). For joining ssRNA fragments by T4
RNA ligases, it is advantageous if the reactive groups are properly oriented to each
other. Good success has been achieved in ligating the anticodon and the D loop of
different tRNA molecules (Ohtsuki et al. 1998; Persson et al. 2003). Alternatively,
proper orientation of the reactive ends can be achieved by using a splint that by
hybridization with both the donor and the acceptor brings the substrates close
together, however, leaves the terminal 2–3 nucleotides of both strands single
stranded at the ligation junction (Lang and Micura 2008).

Fig. 5 Ligation strategies
involving ligases T4 Dnl,
T4 Rnl 1, T4 Rnl 2 with the
most common application.
Black lines: RNA, gray
lines: DNA
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In addition to the “wild-type” versions of T4 ligases, nowadays, some special
truncated variants of T4 RNA ligase as well as thermostable variants of DNA and
RNA ligases are commercially available. Those have found some special applica-
tion such as improved linker ligations in cloning experiments (Aravin and Tusch
2005; Pfeffer et al. 2005) or the application in a primer-free SELEX process for
ssDNA aptamers (Lai and DeStefano 2011). However, these engineered ligases
have not yet found entry into ligation of chemically synthesized modified RNA
fragments at preparative scale.

The design of a ligation experiment should take into account that the ligase has
different preferences for the terminal nucleotides of the donor- and acceptor strand
carrying the reactive groups. For T4 Rnl1, the preference is A > G ! C > U for
the 30-terminal nucleotide of the acceptor strand and pC > pU > pA > pG for the
50-terminal nucleotide of the donor strand (Bain and Switzer 1992; England and
Uhlenbeck 1978a, b; Romaniuk et al. 1982). It should also be noticed that the ligase
catalyzes side reactions like unwanted cyclization or synthesis of oligomers by
connecting the 50-end of the donor to the 30-hydroxyl end of another donor strand
(concatemerization). Such side reactions decrease the yield of the ligation reaction.
However, the addition of some additives, e.g., PEG, BSA, or cobalt hexamine
chloride was shown to support the desired reaction of donor and acceptor and
thus increase the ligation yield (Tessier et al. 1986).

In our laboratory, we invented different ligation strategies for the synthesis of the
aptamer domain of the flavin mononucleotide (FMN) responsive riboswitch ypaA
from B. subtilis (Fig. 6), which regulates the expression of a gene encoding a

Fig. 6 The aptamer domain
of the ypaA riboswitch from
B. subtilis
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riboflavin transport protein by effecting translation initiation (Winkler et al. 2002).
To study binding and folding properties of the ypaA aptamer domain, natural and
2-aminopurine-modified variants of the 129nts RNA were prepared in preparative
scale using a combination of chemical and enzymatic synthesis.

Several ligation experiments were designed, dividing the full-lengths aptamer in
three or two strands to be ligated at splints of different lengths and nature, and using
either T4 DNA ligase or T4 RNA ligase 1 (Fig. 7, Table 1). Best results were
obtained by ligation, with T4 RNA ligase 1, of 2 strands, 64 and 65 nt in length, and
a 51 nt DNA splint, forming 23 base pairs with the acceptor oligonucleotide and
24 base pairs with the donor nucleotide, such that two nucleotides of both donor and
acceptor strand remained single stranded at the ligation junction. This setup
allowed obtaining the full-lengths aptamer with 42 % yield (Turunen et al. 2013).

Fig. 7 Different enzymatic ligation strategies for the generation of the ypaA aptamer domain.
Black lines: RNA, gray lines: DNA. For ligation positions compare with Fig. 5

Synthesis of Site-Specifically Modified Long-mer RNAs 487



6 Chemical Ligation of RNA Fragments

The chemical ligation of nucleic acids was of great interest already more than
20 years ago. At that time, ligation successes could be celebrated using cyanogen
bromide, water-soluble carbodiimides, or 30-phosphothioates reacting with both
50-tosylate- or 50-iodo-modified oligonucleotides (Dolinnaya et al. 1988; Sokolova
et al. 1988; Herrlein et al. 1995; Kool and Xu 1997). More recently, appropriately
modified oligonucleotides were linked by Diels–Alder cycloaddition (Marchán
et al. 2006) or a Michael-type addition (Sanchez et al. 2013). However, over the
past 5 years especially one type of reaction crystallized as the cream of the crop in
chemical ligation of nucleic acids: the azide–alkyne cycloaddition belonging to
Click reactions.

Since Click chemistry was introduced (Kolb et al. 2001), it developed a large
field of applications. Click chemistry is not only one category of chemical reaction,
but it is defined by reaction requirements. A Click reaction has to run under mild
conditions, the educts are easy to obtain and to handle, and so are the resulting
products (Kolb et al. 2001). The most popular Click reaction is the cycloaddition
between azide- and alkyne-functionalized educts, termed 1,3-dipolar Huisgen
cycloaddition (Rostovtsev et al. 2002; Tornøe et al. 2002). This reaction runs in
buffered aqueous solution as well as in organic solvents, like acetonitrile or DMF
(Hein and Fokin 2010). Usually, high temperatures are necessary to form the
triazole from the azide and alkyne, thereby forming the 1,4- and the 1,5-triazole
regioisomers (Hein and Fokin 2010). However, when the reaction is catalyzed by
Cu(I) at room temperature, only the 1,4-disubstituted 1,2,3-triazolo compounds are
formed (Rostovtsev et al. 2002; Tornøe et al. 2002) (Fig. 8).

The copper-catalyzed cycloaddition is called CuAAC and offers a great scope of
practice. Due to the fact that the CuAAC works in aqueous solutions, biomolecules
like proteins and nucleic acids have moved in the field of interest. Thus, with the aid
of Click chemistry, an alternative strategy for conjugation and labeling reactions
could be established (Seela and Sirivolu 2008). In the area of nucleic acids, the
problem of degradation as a result of working with the reactive Cu(I) arose

Table 1 Screening of
ligation strategies according
to Fig. 7

Strategy Ligase Yield

A DNA ligase 6 %

B DNA ligase 10 %

B RNA ligase –

Ca DNA ligase <5 %

D DNA ligase <5 %

E DNA Ligase 24 %

F RNA ligase <5 %

G RNA ligase 15 %

H RNA ligase 42 %
aPosition 46 in wt aptamer sequence mutated from U to C, comp.
Fig. 6
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(Burrows and Muller 1998). To solve this problem, a variety of ligands have been
developed, forming stable complexes with Cu(I) to shield the DNA/RNA from
reaction (Chan et al. 2004). Among the many variants, the water-soluble ligand
tris(3-hydroxylpropyltriazol-methyl)amin (THPTA) is the most attractive for work-
ing with nucleic acids (Kumar et al. 2007). Furthermore, it has been shown that
acetonitrile is not only a favored solvent but it is also known for its ability to
coordinate Cu(I) in a complex and thereby provides a stabilizing effect (Paredes and
Das 2011). Consequently, additional ligands such as THPTA are not necessary.

In addition to RNA labeling as mentioned above, nucleic acid ligation via Click
chemistry possesses great potential to become the chosen method for making large
RNAs (Fig. 9). Due to the fact that enzymatic ligation with ligases does not always
go hand in hand with good yields, there is a need for an alternative. The essential
azide- and alkyne-modification at the 30- and 50-end of the RNA strands can be
generated in several ways, enzymatically or chemically. The enzymatic options are
on the one hand 50-transcription priming (see chapter “Effects of Ionic Liquid and
Liposomes on the Structure, Stability, and Function of Nucleic Acids”) with 50-N3-
G, and on the other hand 30-tagging with 30-N3-dATP by the Poly(A) polymerase
(Paredes and Das 2011). The 50-N3-G can be synthesized in two steps, 30-N3-dATP
is commercially available.

For chemical synthesis, a number of azide- and alkyne-modified phosphor-
amidites are available. Thus, modifications can be introduced easily at the 30- or
50-end of RNAs or at internal positions using commercially available building
blocks. An often discussed problem is the non-sufficient stability of the azide at
the conditions of RNA synthesis by the phosphoramidite approach, in particular the
applied P(III)-chemistry (El-Sagheer and Brown 2009). Therefore, in the majority
of cases, the azide modification is enzymatically introduced post-synthesis or by
transformation of the terminal 50-OH group into the azide, while the protected RNA
is still bound to the solid support (El-Sagheer and Brown 2010).

After initial experiments on synthesis of dinucleotides by Click chemistry
(Nuzzi et al. 2007) and follow-up experiments replacing the phosphodiester link-
ages of a 10 mer by 1,2,3-triazoles (Isobe et al. 2008), DNA-oligonucleotides were
effectively “clicked” for the first time (El-Sagheer and Brown 2009). These clicked
DNA strands could be used very well as a PCR template. The same group

Fig. 8 (a) The Huisgen cycloaddition of an azide and an alkyne at ahigh temperature (the 1,4- and
the 1,5-triazole regioisomers are formed) and (b) catalyzed bei Cu(I) (only the 1,4-triazole
regioisomer is formed)
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introduced Click chemistry as a RNA ligation-method, generating a functional
hammerhead ribozyme by ligating a 50-N3-U-oligonucleotide to a 30-alkyne-
20-deoxy-5-methyl-C-oligonucleotide (El-Sagheer and Brown 2010). Miraculously,
the unnatural triazol linkage had no negative effect on the ribozyme, although being
located in the catalytic pocket; the cleavage reaction proceeded with excellent
yield. Furthermore, also the HDV ribozyme was successfully ligated by Click
chemistry, and no negative effects in stability and function were observed (Paredes
et al. 2011). Both, the hammerhead ribozyme and the HDV ribozyme Click ligation
were performed between substrates having a deoxyribonucleoside at the 30-side and
a ribonucleoside at the 50-side.

We have successfully performed Click-ligation between full RNA fragments,
hence having ribonucleotides at both, the 30- and the 50-ligation side. The RNA of
interest was the ypaA aptamer, corresponding to the aptamer region of the ypaA
riboswitch from B. subtilis, already introduced in the previous chapter on enzymatic
RNA ligation (Fig. 6). As discussed above, with a full length of 129 nucleotides,
chemical synthesis is rather challenging. Therefore, the introduction of

Fig. 9 (a) Post-synthetic formation of an 50-azide-modified oligonucleotide with a full-protected
RNA bound to the solid support (El-Sagheer and Brown 2010); (b) generation of a 50-alkyne-
modified oligonucleotide, using a synthetically available phosphoramidite (El-Sagheer and Brown
2009). Similarly, support bound nucleosides carrying a 30-terminal alkyne moiety can be used for
30-alkyne functionalization; (c) generation of a 50-azide-modified oligonucleotide by transcription
priming (top) and of a 30-azide-modified oligonucleotide by 30-end tagging with Poly(A)
polymerase (bottom) (Paredes and Das 2011)
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modifications, as required for structure and function studies, was achieved by
fragment synthesis followed by enzymatic or chemical ligation. For the Click
ligation experiments, three RNA strands were synthesized, thereby one strand
was decorated with a 30-azide-modification, the second strand with a 30-azide and
a 50-alkyne-modification, and the third strand with only a 50-alkyne-modification
(Fig. 9a, b). Like most of the other ligation reactions, the Click ligation was
performed with the aid of a splint as recommended (El-Sagheer and Brown 2009;
Paredes 2011). We succeeded in generating a full-length ligated ypaA aptamer by
azide–alkyne coupling (Fig. 10), and as in the case of the Click-ligated ribozymes
mentioned above, the aptamer proved functional in folding and FMN binding.

7 Twin Ribozymes for Internal Modification of Long RNAs

In addition to chemical or enzymatic methods described above, another sophisti-
cated strategy for RNAmodification has been developed in our laboratory, allowing
the introduction of basically every desired modification into RNA. This strategy is
based on the application of a small-engineered twin ribozyme that mediates the
exchange of a short RNA patch against a separately added synthetic RNA fragment,
within a suitable RNA substrate (Welz et al. 2003; Ivanov et al. 2005; Vauléon
et al. 2005; Drude et al. 2007).

Twin ribozymes are derived from tandem duplication of the hairpin ribozyme
and thus consist of two catalytically active motifs. Based on the cleavage/ligation
properties of the hairpin ribozyme, twin ribozymes cleave and ligate a substrate
RNA at two defined positions in a strictly controlled fashion. Hereby a short RNA
patch is excised and replaced by an externally added oligonucleotide bearing the
desired modification (Vauléon et al. 2005). The sequence exchange proceeds in
several steps. First, the substrate RNA is bound by the twin ribozyme by Watson–
Crick base pairing and is cleaved at two defined positions. In the next step, a short
RNA patch dissociates and the remaining gap is filled with an externally added
oligonucleotide containing the desired modification. However, binding of this
oligonucleotide competes with re-association of the internal cleavage fragment.
The equilibrium can be shifted towards binding of the external oligonucleotide by
promoting the dissociation of the internal cleavage fragment. This is achieved by
adapting the twin ribozyme structure to this purpose. In particular, binding of the
substrate RNA is designed to lead to formation of a destabilizing structure within
the sequence patch that is supposed to be cut out (e.g., mismatches or bulges). In
this case, dissociation of the formed cleavage fragment is promoted. In contrast, the

Fig. 10 The ypaA aptamer fragmented in three strands with 50-azide- and 30-alkyne-modifications
for Click ligation at a DNA template. Black lines: RNA, gray lines: DNA
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externally added oligonucleotide forms a contiguous duplex with the ribozyme and
therefore is preferentially bound because of its favorable stable structure. After twin
ribozyme mediated ligation, the desired product is formed. Depending on the
design of the twin ribozyme and substrate RNA complex, fragments of the same
length can be exchanged (Vauléon et al. 2005), as well as short fragments against
longer versions (Welz et al. 2003) and vice versa (Drude et al. 2007) (Fig. 11). This
qualifies twin ribozymes as an eminent tool for incorporation of modifications into
long RNA transcripts. We have shown that RNA fragments conjugated with
fluorescent dyes or biotin are well accepted for strand exchange. Up to 53 % of a
dye-labeled oligoribonucleotide could be inserted into an enzymatically prepared
145-mer RNA (Vauléon et al. 2005).

Fig. 11 Twin ribozymes for RNA functionalization
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8 Summary

The route to synthetic RNA involves chemical or enzymatic synthesis techniques.
While chemical synthesis usually is the method of choice for preparation of shorter
(up to about 50 nucleotides) RNA fragments, longer RNAs are preferentially made
by enzymatic run-off transcription in vitro or by chemical synthesis of fragments
that post-synthesis are joined by chemical or enzymatic ligation. In contrast to
enzymatic methods, the chemical synthesis of oligoribonucleotides stands out as
the strategy allowing for site-specific incorporation of modifications such as dyes,
spin or affinity labels, and a number of other functionalities. As discussed in the
chapters above, we have succeeded in the synthesis of long RNAs carrying site-
specific modifications by a combination of strategies: chemical synthesis of mod-
ified monomer-building blocks and oligoribonucleotides, post-synthetic conjuga-
tion with specific functionalities, enzymatic, and chemical fragment ligation, and
twin ribozyme-mediated sequence exchanges.

The progress in the chemical synthesis of specifically modified long-mer RNAs
will enhance prospects in RNA structure and function studies, as well as in RNA
engineering and construction of sophisticated RNA devices. In combination with
the development of synthetic routes to appropriately activated modifiers, long
RNAs nowadays can be conjugated with a large variety of tags and functionalities,
something that for many years has been reserved to short RNAs.
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Abstract: How could modern life have evolved? The answer to that question still remains unclear.
However, evidence is growing that, since the origin of life, RNA could have played an important
role throughout evolution, right up to the development of complex organisms and even highly
sophisticated features such as human cognition. RNA mediated RNA-aminoacylation can be seen as
a first landmark on the path from the RNA world to modern DNA- and protein-based life. Likewise,
the generation of the RNA modifications that can be found in various RNA species today may
already have started in the RNA world, where such modifications most likely entailed functional
advantages. This association of modification patterns with functional features was apparently
maintained throughout the further course of evolution, and particularly tRNAs can now be seen as
paradigms for the developing interdependence between structure, modification and function. It is in
this spirit that this review highlights important stepping stones of the development of (t)RNAs and
their modifications (including aminoacylation) from the ancient RNA world up until their present
role in the development and maintenance of human cognition. The latter can be seen as a high point
of evolution at its present stage, and the susceptibility of cognitive features to even small alterations
in the proper structure and functioning of tRNAs underscores the evolutionary relevance of this
RNA species.

Keywords: tRNA; RNA world; aminoacylation; RNA modification; cognition; epigenetics

1. Introduction

In modern life forms, RNA is involved in a number of cellular activities. Three classes of RNA
molecules, mRNA, tRNA and rRNA, have been known for a long time as players in the expression of
genetic information: mRNA as the messenger that conveys information from the DNA in the nucleus
to the site of protein synthesis in the cytoplasm, tRNA as the carrier of specific amino acids and
rRNA as essential constituent of the ribosome, where proteins are made. Over the past three decades,
the picture of RNA being just the minion of gene expression has dramatically changed. A large
number of small and long non-coding RNAs have been discovered to act as catalysts (ribozymes), as
modulators of molecular interactions in the cell, and most importantly, as regulators of gene expression.
The functional diversity of RNA and the many RNAs involved in major cellular processes support
the idea of the existence of an RNA world at the origin of life, where RNA was the primary living
substance [1,2]. The hypothesis of the RNA world [3], already proposed in 1968 [4–6], was strongly
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supported by the discovery of Sidney Altman and Thomas R. Cech, who showed for the first time that
RNA is capable of catalyzing chemical reactions [7,8]. For this finding, they eventually were honored
with the Nobel Prize, since up to then proteins, today’s key players of the cell, were thought to be
the only cellular catalysts. Another supporting piece of evidence for the RNA world is provided by
“molecular fossils” that can be found in modern metabolism, such as RNA-like cofactors [9] or the fact
that DNA synthesis proceeds via RNA intermediates [10]. Nevertheless, considering that proteins
are involved in replication, transcription, translation and other cellular processes, in which nucleic
acids depend on proteins, it seemed more likely that proteins could have evolved earlier than nucleic
acids. However, with the discovery of ribozymes, suddenly a clue was found that it could have been
just as well the other way around. Moreover, now RNA was likelier to have been evolved earlier
than proteins since RNA is capable of both key features: storing genetic information and catalyzing
chemical reactions.

Still, at some point the world of RNA must have proceeded towards higher complexity, integrating
other molecular entities for storage of genetic information and gene expression. Taking a closer look
at what we know today as tRNA allows us to hypothesize that transfer of amino acids onto RNA as
well as incorporation of modified nucleotides in RNA (or post-synthetic modification) may have been
processes that marked the rise of higher structural, and consequently functional complexity. Indeed,
several papers discuss the ability of RNA to self-aminoacylate as a key event at the transition from
the RNA world to DNA/protein based life, and it has been suggested that modern protein synthesis
may have evolved from a set of aminoacyl transfer reactions catalyzed by ribozymes [11–20]. In the
setting of the RNA world, RNAs with the capability of self-aminoacylation could have had a selection
advantage because of a possibly higher functionality gained from the attached amino acid. Later, those
aminoacyl–RNAs may have played the role of starting material for the synthesis of peptides, thus
constituting pre-cursors of modern tRNA molecules as aminoacyl carriers. Modern tRNAs as key
molecules for efficient and accurate protein translation are heavily modified post-transcriptionally,
which is very important for tRNA structure, function and stability. Specific modifications in the
anticodon loop can directly affect the behavior of tRNAs during translation, e.g., by influencing
the codon–anticodon interactions. Other modifications serve structural and stabilizing purposes, for
example by tuning the sugar conformation to increase or decrease the rigidity of the RNA backbone and
thus the flexibility of the tRNA structure [21]. Hypomodified tRNAs are targeted for degradation [22],
and it is becoming more and more clear that a link exists between tRNA modifications and human
diseases such as cancer, mitochondrial-linked disorders or neurological disorders [23,24].

Focusing on tRNA development and modification, this review aims to highlight important
stepping-stones in the fate of tRNAs from their origin in ancient RNA world organisms to their role in
human brain development and function.

2. RNA Aminoacylation and the Origin of tRNA

The RNA world hypothesis describes a period in the early history of life, where RNA (or
alternative nucleic acid chemistry) was the carrier of genetic information as well as the supporter
of metabolic transformations [1,2]. As such, RNA is seen as a plausible precursor of today’s
DNA–RNA–protein-based life. The transition of the RNA world to the complex system on which
current life is based may have been characterized by RNAs capable of self-aminoacylation (Figure 1A),
and indeed a number of research efforts have focused on the demonstration of this activity. Numerous
ribozymes that support aminoacylation have been developed by in vitro selection, the first one being
a small RNA that rapidly aminoacylates its own terminal 21- or 31-OH group with aminoacyl adenylate
(aa-AMP) as activated donor [25]. Other ribozymes with similar activities followed, including a small
catalytic RNA that supports the transfer of an amino acid from the 31-end of a short RNA substrate to
its own 51-end, from amino acid cyanomethyl esters (aa-CME) or related aminoacyl donors onto the
51-OH of a short RNA and further onto the 31-end of a specific tRNA [13–15]. There are also examples of
aminoacylation using nonactivated amino acids that are transferred onto the 51-terminal triphosphate
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of the supporting ribozyme [20], thereby activating the amino acid for the following aminoacyl transfer
onto the 31-terminal 21- or 31-OH group of a suitable RNA substrate [26]. This scenario is very close to
the two-step mechanism (first step: amino acid activation; second step: transfer) of aminoacylation
by aminoacyl-tRNA synthetases in modern biochemistry. Some other RNAs were found to also
catalyze peptide synthesis in addition to aminoacyl transfer [16–19]. A tiny ribozyme as small as
five-nucleotides was found to perform RNA acylation in trans, thus behaving like a true enzyme, and
moreover, to catalyze the formation of peptides up to a length of three amino acids [18]. Those “early”
peptides in turn may have assisted RNA folding by acting as chaperones [27].

An early translation system may have used ribozymes for aminoacylation of tRNAs or tRNA-like
molecules. tRNA-like molecules as precursors of modern tRNA may have consisted for example of
a short aminoacyl-acceptor stem; accordingly, a minihelix-loop RNA was suggested as primordial
analog of tRNA [28]. Numerous models for the origin of tRNA were proposed (reviewed in [29,30]).
Several of these models are based on the assumption that tRNAs were made from two halves, one
containing the CCA end, the other the anticodon [31–35], for example by duplication and eventually
ligation of appropriate stem-loop structures [36,37]. It was hypothesized that the CCA end containing
half is more ancient [32,33], which is supported by the fact that it can form a minihelix that is
accepted as substrate for aminoacylation by modern aminoacyl-tRNA synthetases [38] and moreover
by ribozymes [13,14]. Thus, in the RNA world, the 31-half of the tRNA containing the CCA end
was presumably sufficient for aminoacylation, and only at a later stage complemented by the 51-half.
Alternatively, tRNAs may have formed by the hybridization of small fragments to larger structures,
thus initially following the principle of molecular cooperation. Later, these fragments may have
become ligated.

Yet another model, the genomic tag hypothesis, suggests that minihelix RNAs containing the
anticodon may have acted as tags to mark already existing ssRNA genomes for replication [39,40].
This model allows to propose a mechanism for RNA duplication/replication: two minihelix RNAs,
each resembling an anticodon loop and an unpaired self-complementary tail of four nucleotides, may
interact to form homodimers, with the anticodon loops at distal ends of the dimer. One anticodon pairs
with the template, the other with the incoming substrates, e.g., trinucleotides, to be polymerized [27].
Taken together, the majority of models favor the concept of an evolution of tRNA from two independent
RNA domains. The half of the tRNA containing the CCA end probably was an early substrate for
aminoacylation, whereas the other half, which contained the anticodon loop, may have fulfilled the
function of organizing other RNAs, e.g., for templated polymerization.

Nevertheless, there is also the possibility that aminoacylation catalyzed by ribozymes also
occurred on more complex structures other than minihelix RNAs. In 2001, Suga and coworkers,
for example, demonstrated that an in vitro evolved precursor tRNA, consisting of a catalytic 51-leader
sequence and an aminoacyl-acceptor tRNA, selectively self-charges an amino acid onto its 31-terminus.
Remarkably, this cis-active ribozyme was shown to be a substrate for RNaseP RNA to cleave the
51-leader segment and thus to generate the mature tRNA [41]. Moreover, it was suggested that this
ribozyme enhances specificity for a certain amino acid by coupling active site folding with tRNA
docking, a mechanism that is used by several modern aminacyl-tRNA synthetases [42].

3. tRNA Modification “Then and Today”

Taking a closer look at tRNAs, one can observe that they contain a large spectrum of chemical
modifications, which are necessary for correct tRNA folding and function. Modifications in particular
of tRNAs and rRNAs are not unusual. According to the RNA modification database, there are
112 RNA modifications that are currently known [43]. Thus, finding out more about how RNA
modification was achieved before it was taken over by proteins would help to provide additional
evidence in favor of the RNA-world hypothesis. Indeed, in 1995 Wilson and Szostak reported for
the first time a self-alkylating ribozyme [44] (Figure 1A). Using systematic evolution of ligands by
exponential enrichment (SELEX) they developed a ribozyme able to bind the haloacetyl derivative
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N-biotinyl-N1-iodoacetyl-ethylendiamine (BIE) and to catalyze formation of a carbon-nitrogen bond
(N-alkylation). Interestingly, the ribozyme shows a tRNA-like structure, leaving space for the
assumption that tRNAs might have modified themselves (not surprisingly, Wilson and Szostak
point out that the ribozyme could also be engineered to a trans-acting form). Inspired by this RNA
self-modification, Sharma and co-workers generated another self-alkylating ribozyme that is able to
covalently link a fluorophore to RNA [45] (Figure 1A). They showed that self-labeling with fluorescein
iodoacetamide (FIA) was specific to the ribozyme sequence, which however, can be integrated into any
RNA sequence to make it fluorescently detectable. These two self-alkylating ribozymes evolved by
SELEX demonstrate the potential of ribozymes for RNA modification and allow hypothesizing that also
tRNA modifications other than alkyl groups could have been catalyzed by ribozymes. Thus, another
tessera of the mosaic of an RNA world was found.

Still, RNA modifications did not necessarily occur in a single step. Looking at protein catalysts,
many enzymes first activate a compound to let it react in the second step. Mostly, ATP is used as
chemical energy for this activation step. Possibly, ribozymes have also used triphosphates as activating
reagent. Moretti and Müller report on a ribozyme obtained by in vitro selection that triphosphorylates
51-hydroxyl groups of RNA using trimetaphosphate (TMP) [46]. The relatively small trans-acting
ribozyme (96 nt) shows reaction rates of 0.16 min´1 under optimal conditions, which is in the typical
range of ribozyme reaction rates. Moretti and Müller postulate that such a ribozyme could have
been of significance for RNA world organisms, since RNA 51-triphosphates could have been used for
RNA polymerization [47,48], RNA–RNA ligation [49–53], phosphoamidite bond formation [54], RNA
capping [55,56], and the activation of amino acids [20]. Possibly, this or a similar ribozyme could have
also been used to activate nucleosides to be further modified.

In modern metabolism, nearly all pathways use the activated ribose 5-phosphoribosyl-
1-pyrophosphate (PRPP) as substrate for nucleotide synthesis. In 1998 Unrau and Bartel selected
a PRPP-dependent pyrimidine nucleotide synthase ribozyme capable of synthesizing tethered
4-thiouridine-51-monophosphate (4SUMP) [57], and six years later Lau et al. isolated a purine synthase
ribozyme that can synthesize tethered 6-thioguanosine-51-monophosphates (6SGMP) [58]. Interestingly,
Lau and Unrau could show that ribozyme-mediated nucleotide synthesis can also be performed with
unactivated tethered PR and 6SGMP as substrates [59] (Figure 1B). These works demonstrate how
nucleobase-modified nucleotides could have been synthesized to be subsequently incorporated into
a RNA strand. Modifications of nucleotides did not necessarily have to be performed by ribozymes.
However, the range of various chemical reactions that can be catalyzed by ribozymes, including aldol
reaction [60], amide bond formation [61], Diels–Alder reaction [62], isomerization [63] and Michael
reaction [64], support the assumption that ribozymes might have made a significant contribution.

An interesting ribozyme-based way of incorporation of modified nucleotides into a RNA strand
was reported by Mutschler and Holliger, who used the hairpin ribozyme as a non-canonical 31-51

nucleotidyl transferase [65]. That way it was possible to add 21,31-cyclic AMP, GMP, UMP and CMP to
the 51-hydroxyl terminus of a RNA strand (Figure 1B). In addition, it has been shown that this reaction
can also be performed with 21,31-cyclic phosphate-activated �-nicotinamide adenine dinucleotide,
or alternatively, with ribotrinucleotides and RNA pentamers as substrates for RNA 31-51 extension.
Furthermore, it was found that the incorporation of modified oligonucleotides into RNA can be
achieved by ribozyme-mediated trans insertion-splicing [66]. The site-specific insertion of a RNA
segment into a separate RNA substrate (Figure 1C) can be catalyzed by a group I intron derived from
Pneumocystis carinii. Interestingly, this ribozyme accepts modified oligonucleotides, making it possible
to insert sugar modified (deoxy or methoxy substitutions), backbone modified (phosphorothioate
substitutions) or base modified (2-aminopurine or 4-thiouridine) segments into RNA. Another
sophisticated RNA modifying strategy makes use of twin ribozymes [67–69]. Twin ribozymes consist
of two hairpin ribozymes and thus are able to cleave and ligate a substrate RNA at two defined
positions in a strictly controlled fashion, making it possible to excise a short RNA patch and replace it
by a modified oligonucleotide (Figure 1D). Hence, this technique allows the incorporation of a broad
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range of modifications into RNA [68]. Additionally, it has been reported that twin ribozymes are
potentially suited for the repair of a mutated gene at the level of mRNA [70] leading to the assumption
that twin ribozymes may have been used not only for the introduction of RNA modifications but also
as a kind of RNA repair system that could have been used to remove unwanted RNA modifications or
mutations in the first RNA world organisms.
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Figure 1. Ribozyme-mediated RNA modification: (A) Introduction of a modification (red circle)
catalyzed by a catalytic motif within the RNA to be modified [44,45]. Note that self-modification
can occur also 51- or 31-terminal (as for aminoacylation [13–18,25,41]); (B) Ribozyme mediated RNA
modification of the 51- or 31-terminus, respectively, using modified building blocks (blue rectangle)
such as nucleotide or nucleobase derivatives [57–59,65]; (C) Ribozyme mediated insertion of a short
modified oligonucleotide into the target RNA [66]; (D) Ribozyme mediated replacement of a short
RNA segment for a modified oligonucleotide [67–70].

In today1s world, RNA modification is mainly mediated through proteins such as methyl
transferases (see, e.g., [71,72]) and with the advent of the new high-throughput technologies, which
brought in their wake the rise of the various “omics”-approaches (i.e., the global analysis of the
genome, transcriptome, proteome, etc.) it has also become possible to perform global mapping of
methylation sites such as N6-methyladenosine (see, e.g., [73,74]) and 5-methylcytosine (m5C) (reviewed
e.g., by [75]). This allowed uncovering m5C, for example, not only in coding but also noncoding RNA
species, including tRNAs (e.g., [76–80]), where changes of the m5C status seem to play a role in tRNA
processing and function [81].

4. tRNA at an Evolutionary High Point

Along with the emerging role and growing importance of tRNAs for protein biosynthesis and
other cellular processes (for review see, e.g., [82]) during evolution, they also started to present a target
for alterations with a detrimental effect on the cell or, at later stages, even organismic consequences.
In highly complex organisms, like the human body, even comparatively subtle changes such as
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alterations in the modification profile of tRNAs can cause a variety of disorders (recently reviewed by
Torres et al. [23]), ranging from mitochondrial diseases to cancer and cognitive impairment. Higher
brain functions have a very complex molecular basis, and their cognitive aspects in particular represent
an evolutionarily young feature. This might explain the susceptibility of man’s cognitive abilities
to mutations, which have otherwise no significant impact on the plain organismic functioning of
affected individuals, as can be observed in patients with non-syndromic intellectual disability (ID), i.e.,
ID without any other accompanying clinical features (for review see, e.g., [83]). Moreover, in recent
years, it has become increasingly clear that the development and functioning of the human brain
is also strongly influenced by epigenetic mechanisms, which include acetylation or methylation of
the histone proteins that mediate DNA packaging or methylation of nucleotides in DNA, and also
in RNA. This conclusion is founded on the discovery of various ID-causing mutations in genes that
play an essential role in the epigenetic modulation of nucleic acids (see, e.g., [84,85]). Such causes
are, for example, mutations in the methyl-CpG binding protein 2 (MeCP2) resulting in defective
DNA-methylation in individuals with Rett syndrome (reviewed e.g., by [86]). Another example is
KDM5C. The protein encoded by this gene has been shown to act as histone demethylase where point
mutations previously found in ID patients significantly reduce enzymatic activity [87,88].

By the same token, correct RNA-methylation seems to be essential for proper functioning of the
brain. In higher eukaryotes, there are presently at least two prominent m5C RNA methyltransferases
known, which are comparatively well described, and which also play a role in brain development:
DNMT2 and NSUN2 [89,90]. The DNMT2 enzyme is a highly conserved protein with substantial
sequence similarity to cytosine-C5 DNA methyltransferases [91]. In mice it shows strong expression
during embryogenesis and was found to promote methylation of cytosine 38 (Figure 2) in tRNAAsp [92].
Loss of DNMT2 function was shown to affect brain development in zebrafish [93] and double knockout
of Dnmt2 and Nsun2 in mice revealed complementary target-site specificities for the two as well as
a complete loss of cytosine-C5 methylation of tRNAs, while the phenotype included impaired thickness
and a reduced level of organization in the cerebral cortex [94].
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Figure 2. Schematic presentation of tRNA secondary structure. Nucleotide positions for modification,
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NSUN2 is an enzyme that catalyzes the intron-dependent formation of m5C at cytosine 34
(Figure 2) of tRNALeu (CAA) [89]. It can methylate its tRNA targets in various places, which in mice
are most frequently cytosines 48 and 49 in the variable loop (Figure 2) [94]. Findings from various
model organisms and cell lines suggest that NSUN2 plays a role in m5C RNA modification in a variety
of contexts, including tissue development, differentiation and cellular signaling (e.g., [82,94–98]. What
is more, deleterious mutations affecting the NSUN2 gene were repeatedly found to be associated with
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ID [99–102], and the corresponding mouse model shows microcephaly as well as memory deficits and
behavioral abnormalities [103].

NSUN2 belongs to the NOP2/Sun RNA methyltransferase family, which is characterized
by containing a SUN domain that can impart interaction with Klarsicht/ANC-1/Syne homology
(KASH)-domain proteins (see, e.g., [104] for review). Recently, it has been found that another member of
this protein family, NSUN6 also acts as a tRNA methyltransferase in human on cytosine 72 (Figure 2) at
the 31-end of the tRNA acceptor stem [105], for which expression has been found in murine brain [106].

Additional examples for the involvement of tRNA-modifiers in the development of cognitive
features are TRMT1 and FTSJ1. TRMT1 (TRM1) is a methyltransferase that dimethylates guanosines
(m2

2G) at position 26 (Figure 2) of tRNAs [107], and mutations were found in individuals with
autosomal recessive ID from different consanguineous families [108,109]. Several mutations causing
non-syndromic ID were also described for FTSJ1 [110–112], whose gene product is involved in
RNA-methylation as well and which is part of a duplication reported also in connection with
a syndromic form of ID [113]. The FTSJ1 protein comprises 330 amino acids and is highly conserved
throughout evolution. Its amino acid sequence shows 34% identity to the Escherichia coli (E. coli) heat
shock protein FtsJ, which has been found to form a complex with S-adenosylmethionine (SAM or
AdoMet) and to possess a methyltransferase fold [114]. FstJ methylates the E. coli 23S rRNA at position
U2552, with S-adenosylmethionine as methyl-group donor (e.g., [115]). U2552 is a conserved part of the
ribosomal aminoacyl-tRNA binding site during protein synthesis (e.g., [116]). Eukaryotic proteins with
FtsJ homology are the three yeast proteins Spb1 (Suppressor of PAB1 protein 1), Mrm2 (mitochondrial
methyl transferase 2) and Trm7 (tRNA methyltransferase 7). They all exhibit 21-O-methyl transferase
activity as well, and there is published evidence that the three homologs might localize to different
cellular compartments (mitochondria, nucleolus and cytoplasm) [117–119]. Most recently it has also
been found that cells from human carriers of deleterious FTSJ1 mutations show an almost complete
lack of Cm32 and Gm34 as well as reduced peroxywybutosine (o2yW37) (Figure 2) in tRNAPhe [120].

5. Conclusions

The evolution of aminoacyl–RNAs from the RNA world at the origin of life to what we know today
as tRNA is reflected in two characteristic features: aminoacylation and modification. Once being just
a prerequisite for gain of functionality and a selection advantage, aminoacylation of tRNA in modern
biochemistry is highly specific, and involves specialized enzymes, aminoacyl tRNA synthetases.
Correct aminoacylation ensures proper decoding of the charged tRNA in the ribosome and translation
into protein according to the genetic code. To the same extent, modification of tRNAs is directly linked
to accurate and efficient translation of the genetic code, as it affects the correct charging of the tRNA by
the cognate aminoacyl tRNA synthetase, decoding, tRNA folding and stability. Subtle changes in the
modification state of tRNAs may have drastic effects: inaccurate decoding, improper folding and loss
of function or decay by various degradation pathways. Thus, RNA modification in general and tRNA
modification in particular are highly complex and fine-tuned processes of tremendous significance
for life. Not least with the findings from the Encode project [121], it is becoming more and more clear
that RNA species (still) play important roles on many levels in cellular and organismic functioning.
Evolution as it is generally understood has so far reached a high point in the human brain. Since even
in this context RNAs can be found to be involved in the development and maintenance of cognitive
features, the most distinguishing and unique features of this organ that seem so far unsurpassed in
the animal kingdom, it can be surmised that they took over crucial parts on every other phylo- and
ontogenetic stage as well. It will thus be an important task for future RNA research to further elucidate
not only the development of molecular features of RNA but also to learn more about the contribution
of the RNA world to the origin and evolution of modern protein-based life as we know it today.
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RNA Aminoacylation Mediated by Sequential Action of
Two Ribozymes and a Nonactivated Amino Acid
Jiacui Xu,[a, b] Bettina Appel,[a] Darko Balke,[a] Claudia Wichert,[a] and Sabine M!ller*[a]

Introduction

In modern biochemistry, charging of tRNA with a specific
amino acid is an important prerequisite for the synthesis of
proteins. The charged tRNAs ensure sequential couplings of
specific amino acids according to the codon–anticodon inter-
action with the mRNA being translated on the ribosome. Ami-
noacylation of the 3’ terminus of tRNA is catalyzed by amino-
acyl-tRNA synthetases converting amino acids into adenylates
and using those for esterification of the 2’- or 3’-hydroxy
group. The enzymatic mechanism follows a two-step process.
Firstly, a specific amino acid reacts with ATP to form an amino-
acyl adenylate (aa-AMP), containing a high-energy mixed an-
hydride between the carboxylic acid group of the amino acid
and the phosphate group of AMP. Secondly, the aa-AMP is
charged onto its cognate tRNA through formation of an ester
bond and AMP release.

According to the RNA world theory, RNA was the major
player in information storage and catalysis, and hence early
peptide synthesis might have required solely RNA activity. The
many ribozymes still found in nature today including the ribo-
some and the spliceosome are impressive demonstrations of
such RNA-based activity. It is thus not surprising that in the
past years, researchers have addressed the question of wheth-
er RNA molecules can also catalyze the process of aminoacyla-
tion. A number of reports showing that this indeed is possible
have been published. The first aminoacylation ribozyme was

discovered in 1995 by Yarus and co-workers.[1] Using the pow-
erful method of SELEX, the group selected artificial RNAs that
could rapidly aminoacylate their own 3’-terminal 2’- or 3’-OH
groups with phenylalanine adenylate (Phe-AMP) or tyrosine ad-
enylate (Tyr-AMP) as activated donors. These first aminoacylase
ribozymes were soon accompanied by novel RNAs, also select-
ed in vitro, that could transfer biotinylated phenylalanine from
Bio-Phe-AMP as donor substrate to an internal 2’-OH group of
a cytidine residue.[2]

In 1996, Lohse and Szostak selected a ribozyme that sup-
ported the transfer of an amino acid from the 3’-end of a short
RNA to its own 5’-end.[3] This was the first demonstration that
it is not only AMP, as used in modern biochemistry for amino
acid activation, that can act as acyl carrier substrate, but that
RNA itself can also perform the task. Suga’s group extended
the scenario of amino acid transfer from one RNA to another
by development of a ribozyme that could catalyze two se-
quential reaction steps: 1) aminoacylation of a short RNA sub-
strate by transfer of the amino acid from an amino acid cyano-
methyl ester (aa-CME) onto the 5’-OH group of the pentamer
RNA AACCA, and 2) transfer of the 5’-O-amino acid to the 3’-
end of a specific tRNA.[4] Although the first variants of this ribo-
zyme were capable of aminoacylating only 4 % of tRNA,[4b] later
versions showed improvement up to 17 % aminoacylated
tRNA.[4c] These studies were further extended in the direction
of the development of versatile rather than specific RNA cata-
lysts for aminoacylation of tRNA including mischarging, which
would allow manipulation of the genetic code.[5] For that pur-
pose, a ribozyme that preferentially charges aromatic amino
acids, activated as aa-CMEs, onto specific kinds of tRNA[6] was
used as precursor for further development into the so-called
flexizyme.[5d] The flexizyme charges various tRNAs through a

In the transition from the RNA world to the modern DNA/pro-
tein world, RNA-catalyzed aminoacylation might have been
a key step towards early translation. A number of ribozymes
capable of aminoacylating their own 3’ termini have been
developed by in vitro selection. However, all of those catalysts
require a previously activated amino acid—typically an amino-
acyl-AMP—as substrate. Here we present two ribozymes con-
nected by intermolecular base pairing and carrying out the
two steps of aminoacylation: ribozyme 1 loads nonactivated
phenylalanine onto its phosphorylated 5’ terminus, thereby
forming a high-energy mixed anhydride. Thereafter, a complex

of ribozymes 1 and 2 is formed by intermolecular base pairing,
and the “activated” phenylalanine is transferred from the 5’ ter-
minus of ribozyme 1 to the 3’ terminus of ribozyme 2. This
kind of simple RNA aminoacylase complex was engineered
from previously selected ribozymes possessing the two re-
quired activities. RNA aminoacylation with a nonactivated
amino acid as described here is advantageous to RNA world
scenarios because initial amino acid activation by an additional
reagent (in most cases, ATP) and an additional ribozyme would
not be necessary.
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three-base-pair interaction between the 3’-end of the ribozyme
and the 3’-end of the substrate tRNA. Further variants of this
flexizyme construct were able to use 3,5-dinitrobenzyl esters[7]

or chlorobenzyl and (2-aminoethyl)amidocarboxybenzyl thio-
esters of amino acids[8] instead of aa-CMEs as substrates.

After their pioneering work of 1995,[1] Yarus and colleagues
developed a variety of aminoacylase ribozymes, all of them re-
quiring aaAMPs as aminoacyl donors. Whereas the initially se-
lected 95-mer RNA transferred phenylalanine onto the 2’- or 3’-
terminal OH group when treated with Phe-AMP,[1] a 29-nucleo-
tide descendant of that 95-mer was even capable of transfer-
ring two phenylalanine moieties by aminoacylation followed
by peptide synthesis.[9] The potential of ribozymes to catalyze
both aminoacyl transfer and peptide synthesis was further in-
vestigated with the example of a self-aminoacylating ribozyme
referred to as C3.[10] C3 is a truncated version (26 nucleotides)
of a self-aminoacylating ribozyme derived from in vitro selec-
tion. It uses only three conserved nucleotides and acts inde-
pendently of divalent metal ions, although a limited depend-
ence on monovalent cations was found. The terminal ribose 2’-
OH group was identified as the unique site of initial aminoacyl
transfer.[10, 11] Furthermore, C3 was shown to be selective for l-
amino acids, as well as to act independently of the amino acid
side chain and phosphorylated activating group.[10] A tiny five-
nucleotide ribozyme derived from C3 was found to perform
RNA acylation in trans, thus behaving like a true enzyme, and
moreover, to catalyze the formation of both di- and tripep-
tides.[11] At elevated concentrations of Phe-AMP, this five-nu-
cleotide ribozyme was shown to form about 20 species of ami-
noacyl-, peptidyl-, dipeptidyl-, and mixed aminoacyl-peptidyl
RNAs.[12]

All of the above studies have produced aminoacylase ribo-
zymes that depend on an activated amino acid as aminoacyl
carrier, corresponding to the second step of the reaction cata-
lyzed by aminoacyl-tRNA synthetases. On consideration of
RNA-catalyzed aminoacylation in the RNA world, this scenario
is rather unlikely, because many players have to come togeth-
er. Firstly, a ribozyme has to meet an amino acid and ATP (or
another chemical serving the same purpose) simultaneously
for amino acid activation. This complex needs to dissociate,
and the activated amino acid has to travel to meet another
ribozyme that catalyzes the aminoacyl transfer reaction
(Scheme 1, path A). In addition, the chemical instability of the
aminoacyl-AMP (facile thermal and/or hydrolytic destruction)
and the assumed temperature and concentration proportions
on the early earth make preactivation of the amino acid as the
aa-AMP less plausible.

A much simpler scenario would result from a ribozyme that
could use a free amino acid and handle both amino acid acti-
vation and aminoacyl transfer, without the need for additional
reactive species (Scheme 1, path B). To the best of our knowl-
edge, so far there is no example of a ribozyme that could
accept a nonactivated amino acid and mediate both activation
and transfer. RNA-catalyzed amino acid activation could profit
from a 5’-triphosphorylated RNA, and indeed there is just one
report of a ribozyme, referred to as KK13, that uses its 5’-termi-
nal triphosphate for reaction with an amino acid.[13] Analogous-

ly to the reaction between an amino acid and ATP, the amino
acid carboxylic acid group undergoes a nucleophilic attack on
the a-phosphorus atom of the triphosphate, and upon pyro-
phosphate release the high-energy mixed anhydride between
the carboxylic acid group of the amino acid and the 5’-phos-
phate of the KK13 RNA is formed, thus chemically activating
the amino acid (Scheme 1, path C). KK13 consists of 114 nu-
cleotides and was obtained from in vitro selection. It requires
only Ca2 + for reaction and is optimally active at low pH
(!pH 4) for activation of leucine, although other amino acids
are similarly well accepted.[13] As discussed in the original
paper,[13] the exclusive requirement for Ca2 + might originate
from the specific mechanism of RNA-mediated carboxylic acid
group activation. Two negatively charged species, the amino
acid carboxylic acid group acting as nucleophile and the termi-
nal RNA phosphate to be attacked, are brought together. This
might occur via a Ca2+-phosphate chelate. The association of
special RNA activities with special divalent-RNA structures has
been observed previously for other ribozymes.[14]

As demonstrated by the development of KK13, the role of
the aminoacyl carrier that AMP plays in aa-AMPs may be taken
over by an entire RNA molecule. The question that now re-
mains is whether or not there is a ribozyme that can transfer
the activated amino acid from the 5’-end of KK13 to a 2’-or 3’-
terminal hydroxy group resulting in what is known in modern
biochemistry as aminoacylated RNA. Here we describe the de-
velopment of an aminoacylation system consisting solely of
RNA and a nonactivated amino acid. In a rational design ap-
proach, the C3 ribozyme discussed above[10] served as starting
point for redesign and adaptation to accept charged KK13 as
an amino acyl donor substrate (Scheme 1 C).

Scheme 1. Scenarios for RNA-catalyzed aminoacylation with an amino acid
adenylate (path A) or a nonactivated amino acid (path B) as substrate.
Path C: aminoacylation by concerted action of two ribozymes with a nonacti-
vated amino acid (as described in this work). AA: amino acid. KK13: self-ami-
noacylating ribozyme (formation of 5’-end mixed anhydride between amino
acid and terminal phosphate). C3a: self-aminoacylating ribozyme (formation
of 3’-aminoacyl ester).
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Results

Experimental design

The first experiments were carried out with the original C3 ri-
bozyme and use of its authentic substrate Phe-AMP as activat-
ed amino acid species (Scheme 2 A). Next, in order to check
whether an aminoacylated oligonucleotide would be accepted
as substrate instead of Phe-AMP, C3 was treated with the octa-
mer oligonucleotide Phe-p-T6A2, carrying the amino acid as
a high-energy mixed anhydride with the phosphate at its 5’-
end (Scheme 2 B). Replacing the AMP residue by an oligonu-
cleotide seemed possible because in the original model of C3
action it was suggested that the adenosine unit of AMP points
away from the reactive center and has no discrete interactions
with it.[10] The adenine moiety might thus be replaced with
other nucleobases without significant loss of activity. However,
it was not clear how extension of the ribose-3’-OH into an oli-
gonucleotide would influence the reaction. Therefore, a third
variant, the ribozyme C3T (Scheme 2 C), was designed by short-
ening the 5’ terminus of C3 and adapting the terminal seven
nucleotides to the T6A2 aminoacyl carrier such that comple-
mentary base pairs can be formed. This should help to preor-
ient the amino acyl carrier and to deliver the amino acid to the
3’-U aminoacylation site of the ribozyme. Shortening of the C3-
5’-end should be possible without significant loss of activity,
because the active center consists of just three nucleotides lo-
cated in the loop, and it has been shown before that a tiny
five-nucleotide ribozyme derived from C3 is capable of per-
forming RNA acylation in trans.[11]

Preparation of l-Phe-AMP and l-Phe-p-T6A2

Activated derivatives of l-phenylalanine were prepared prior to
the experiments described in Scheme 2. l-Phe-AMP was syn-
thesized by a protocol previously reported in the literature.[1]

Briefly, AMP was mixed with an equal amount of the amino
acid in water; then pyridine and dicyclohexyl carbodiimide
were added for activation of the amino acid. The reaction mix-
ture was left on ice for about three hours. Finally, the product
l-Phe-AMP was precipitated from the reaction mixture. The
aminoacylated oligonucleotide l-Phe-p-T6A2 was prepared
similarly, but a tenfold excess of phenylalanine over the oligo-
nucleotide was used, and the reaction was allowed to proceed
for six hours, followed by precipitation from acetone.[15] Both l-
Phe-AMP and l-Phe-p-T6A2 were purified on Sep-Pak C18 col-
umns; this delivered the amino acid adenylate with satisfactory
purity, but after purification of l-Phe-p-T6A2 traces of the non-
aminoacylated oligonucleotide were still detectable. Neverthe-
less, because of the limited stability of the high-energy mixed
anhydride between the carboxylic acid group of phenylalanine
and the 5’-phosphate of the oligonucleotide, no further purifi-
cation steps were carried out.

Aminoacylation reactions

Aminoacylation experiments were conducted with the three
systems shown in Scheme 2. For qualitative reaction analysis,
we have established an assay based on amino acid labeling
with the dye ATTO680 (Figure 1 A). After the reaction, RNA was
precipitated from ethanol and then dissolved in buffer and

Scheme 2. Aminoacylation systems with A) aminoacyl-AMP, or B), C) aminoacyl phosphate oligonucleotides as activated substrates for aminoacyl transfer. AA:
amino acid (phenylalanine).
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treated with ATTO680 NHS ester followed by polyacrylamide
gel electrophoresis with a LI-COR Sequencer. Successful amino-
acylation was detected through the reaction between the acti-
vated dye and the amino group of the amino acid, and in con-
sequence by the appearance of a band upon irradiation with
light at 680 nm. This assay does not allow for quantitative anal-
ysis, because the reaction between the amino group of the
aminoacylated RNA and the dye is not quantitative, and only
the aminoacylation product is seen. However, it gives a first
qualitative answer as to whether or not aminoacylation had
occurred at all.

For quantitative analysis, we separated the free RNA from
the aminoacylated RNA by acidic gel electrophoresis, in which
the aminoacylated species is retarded due to the positively
charged amino group at acidic pH, and determined the relative
amounts of reactant and product (see below). Firstly, the origi-
nal C3 ribozyme was incubated either with a 400-fold excess
of l-Phe-AMP or, in a parallel experiment, with a 20-fold excess
of the carrier oligonucleotide l-Phe-p-T6A2. (l-Phe-p-T6A2 was
used in only 20-fold excess over the ribozyme because its syn-
thesis is rather challenging and less efficient, so its availability
was limited.[15]) As shown in Figure 1 B, the reaction between
C3 and the cognate substrate l-Phe-AMP yielded the amino-
acylated RNA ATTO680-l-Phe-C3 RNA (lane 2). In contrast, no
reaction was observed upon incubation of C3 with the amino-
acyl carrier oligonucleotide l-Phe-p-T6A2 (lane 4). We cannot
fully exclude aminoacylation having occurred, because of the
nonquantitative labeling reaction. However, with the applied
LICOR technology the detection limit for ATTO-680 is in the at-
tomolar range; therefore, if there were any product, it would
correspond to a maximum of a 0.1 % yield. In a third experi-
ment, the redesigned ribozyme C3T providing a binding site
for the aminoacyl carrier oligonucleotide as described above
was used for reaction. This reaction delivered a clear product,
although smaller in size due to the truncated C3T RNA (lane 6).
Obviously, preorientation of the substrate helped to overcome
the limited substrate concentration, and is a crucial factor for
aminoacyl transfer from l-Phe-p-T6A2 to the 3’-end of C3T.

Influence of the amino acid chirality on the aminoacylation
reaction

In modern biology, each aminoacyl-tRNA synthetase attaches
exclusively the cognate l-form amino acid to the tRNA. This
property was also shown for the original C3 ribozyme, which
displayed a strong preference for l-phenylalanine.[10] In order
to study the amino acid preference of C3T, we prepared a
second version of the aminoacyl carrier oligonucleotide,
loaded with d-phenylalanine instead of l-phenylalanine. Under
the same conditions as had been used in the previous amino-
acylation reactions, product formation was observed upon
treatment of C3T with l-Phe-p-T6A2, but not with d-Phe-p-
T6A2 (Figure 2), thus indicating that amino acid chirality is

a critical parameter in C3T-mediated aminoacylation, and that
the preference of the original C3 ribozyme for l-phenylalanine
is preserved in C3T. In addition, this result implies that aminoa-
cylation is indeed a result of ribozyme catalysis rather than just
of a preorientational effect.

Enzymatic or spontaneous reaction?

In order to provide further evidence for the catalytic activity of
the C3T ribozyme, we designed RNA C3TM (Figure 3 A), a var-
iant of C3T lacking the catalytic center and just preorienting
the amino acid to the hydroxy group aminoacylation site. As
shown by Tamura and Schimmel,[15, 16] aminoacylation of RNA,
being a “downhill” reaction, can occur nonenzymatically in
minihelical RNA systems such as our C3TM (Figure 3 A). Com-
parison of aminoacylation carried out by the ribozyme C3T and
the hairpin structure C3TM showed a clearly higher activity of
C3T (Figure 3 B, C). When analyzed by electrophoresis through
a 12 % acidic polyacrylamide gel, followed by UV shadowing,
no reaction product was detectable for the reaction of C3TM
(Figure 3 B). By the ATTO680 assay, a weak signal was also de-
tected for the product of C3TM-mediated aminoacylation, indi-
cating that spontaneous reaction takes place, although with
a rather low yield in relation to C3T (Figure 3 C). C3T-mediated
aminoacylation (kobs = 0.07 min!1; see the Experimental Section

Figure 1. ATTO680 labeling assay. A) Schematic representation of reaction
between ATTO680 NHS ester and the amino group of aminoacylated RNA.
B) Analysis of aminoacylation reactions after treatment with ATTO680 NHS
ester with the LI-COR sequencer. AA: phenylalanine.

Figure 2. Analysis of aminoacylation of the C3T ribozyme with l- and d-phe-
nylalanine-p-T6A2 by the ATTO680 labeling assay. ATTO680-labeled amino-
acylated RNAs were detected with a LI-COR sequencer.
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and below for determination of kobs) is clearly accelerated over
background reaction (kobs = 5.5 ! 10!7 min!1 for reaction of any
RNA with Phe, according to Saito and Suga[17]). If the fact that
l-Phe-p-T6A2 still contains traces of free T6A2, which might act
as a competitive inhibitor (see “Preparation of l-Phe-AMP and
l-Phe-p-T6A2”), is taken into account, then the activity is prob-
ably even higher.

Determination of the aminoacylation site

The twenty aminoacyl-tRNA synthetases (aaRSs) are classified
into two exclusive classes, based on the position of aminoacy-
lation: class I aaRSs transfer the amino acid initially to the 2’-
hydroxy group of the terminal ribose of tRNA, whereas class II
aaRSs transfer the amino acid to the 3’-hydroxy group.[18] To
test whether the aminoacylation site of C3T is one of the 3’-ter-
minal hydroxy groups, we conducted the following experi-
ments: the aminoacyl carrier oligonucleotide l-Phe-p-T6A2 was
treated 1) with unmodified C3T, 2) with a C3T variant contain-
ing a 3’-terminal dialdehyde (generated by treatment of C3T
with sodium periodate for selective oxidation of the 2’(3’)-ter-
minal cis-diol), or 3) with a C3T variant containing a 2’-deoxy-
uridine moiety at the 3’ terminus (Figure 4). Unfortunately, we
were not able to complete the experiment by testing a C3T
variant bearing a 3’-deoxyuridine moiety at the 3’ terminus
because, to the best of our knowledge, 3’-deoxyuridine linked

to a solid support suitable for oligonucleotide synthesis is not
commercially available. As shown in Figure 4, neither the di-
aldehyde nor the 2’-deoxyribose at the 3’ terminus of C3T
allowed for aminoacylation; this implies that the 2’-OH group
is the cognate aminoacylation site. We cannot completely rule
out the 3’-OH group being the aminoacylation site with the 2’-
OH group just playing an essential role in catalysis. However,
for the parent ribozyme C3, the terminal ribose 2’-OH was
identified as the unique site of initial aminoacyl transfer.[10, 11]

Our results imply the same for C3T, and we thus conclude that
the terminal 2’-OH group is essential for catalysis and most
likely serves as aminoacylation site, consistent with a class I
aaRS, aminoacylating the 2’-OH group of the tRNA terminal
adenosine.

Influence of the distance between aminoacyl donor and
acylation site

In the original design, we suspected that the 5’-overhanging
thymidine carrying the amino acid was at an appropriate dis-
tance from the 2’-OH of the ribozyme terminal uridine, not too
close to inhibit the active center and not too far away to divert
the amino acid from the aminoacylation site. To explore the
distance influences further, we prepared shorter and longer
aminoacyl carrier oligonucleotides—l-Phe-p-T5A2 and l-Phe-p-
T7A2, providing a shorter or a longer distance between the
two reacting groups—and followed reactions by electrophore-
sis through 12 % acidic gels (Figure 5 A). Highest yields were
obtained with l-Phe-p-T6A2 and l-Phe-p-T7A2, with about
90 % being reached after 60 min. The yield of the reaction with
l-Phe-p-T5A2 is much lower (about 50 %) and the reaction is
significantly slower (Figure 5 B).

Not surprisingly, the shorter oligonucleotide (l-Phe-p-T5A2)
as the amino acyl carrier showed diminished aminoacylation
efficiency, whereas the longer one (l-Phe-p-T7A2) did not
show much effect; aminoacylation efficiency was virtually the
same as observed with l-Phe-p-T6A2. This result further sup-
ports the conclusion drawn from experiments shown in
Figure 3, that aminoacylation is indeed the result of catalytic
activity of C3T, and not of a simple preorientational effect. Ap-
proaching the aminoacyl accepting site with the amino acid

Figure 3. Aminoacylation of C3T and C3TM. A) Secondary structures of C3T
and C3TM in complexation with l-Phe-p-T6A2. B) Analysis of aminoacylation
on a 12 % acidic acrylamide gel stained with ethidium bromide and visual-
ized by UV shadowing. C) Analysis of aminoacylation reactions on the LI-
COR sequencer after treatment with ATTO680 NHS ester. AA: phenylalanine.

Figure 4. Analysis of aminoacylation of the C3T ribozyme containing 1) a
cis-diol, 2) a dialdehyde, or 3) a 2’-deoxy functionality at its 3’-end by the
ATTO680 labeling assay. ATTO680-labeled aminoacylated RNAs were detect-
ed with a LI-COR sequencer.
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substrate in C3TM, lacking active center elements, leads to
inhibition or at least to strongly decreased aminoacyl transfer.
In contrast, approaching the aminoacyl accepting site in C3T,
which contains an intact active center, increases aminoacyl
transfer (activity increase from l-Phe-p-T5A2 to l-Phe-p-T7A2
and l-Phe-p-T6A2, Figure 5).

In addition to simple distance effects, the flexibility of the
amino acid attached to the oligonucleotide carrier certainly
also plays an important role. The longer construct l-Phe-p-
T7A2, with two overhanging nucleosides, allows the phenylala-
nine greater conformational freedom than the short construct
l-Phe-p-T5A2, thus facilitating binding and orientation of the
amino acid in the catalytic center of C3T.

Rational design of an aaRS·ribozyme complex

After having designed and characterized the C3T ribozyme, we
aimed to combine C3T action with RNA-supported amino acid
activation. For this purpose we chose the ribozyme KK13,
previously developed for activation of an amino acid by using
its 5’-terminal triphosphate for reaction with a free amino acid
to form a 5’-aminoacyl phosphate as explained above
(Scheme 3).[13] C3T was redesigned to provide C3a in order to
recognize the 5’-terminal sequence of KK13 for binding and

amino acyl transfer as shown in Figure 6 A. Initially, we wanted
to carry out a model experiment with the aminoacylated oli-
goribonucleotide l-Phe-p-GGGACG corresponding to the 5’-
terminal sequence of KK13 as aminoacyl carrier substrate.
However, loading of phenylalanine onto the hexamer RNA was
unsuccessful under all circumstances. We also tried to achieve
reaction between analogous 5’-phosphorylated DNA sequen-
ces—d(GGGACG) and d(GGGACGAC)—and phenylalanine to
check whether the problem was associated with the nature of
the oligomer, being composed of either ribo- or deoxyribonu-
cleotides. However, formation of the mixed anhydride between
the carboxylic acid function of phenylalanine and the 5’-phos-
phate group of the oligomer also failed for the DNA sequen-
ces.

The sequence GGGACG is prone to formation of an intermo-
lecular G-quadruplex, and we hypothesized that this might in-
terfere with amino acid loading and/or product isolation. For
further analysis, CD spectra of the short oligomers were record-
ed. The ribo and the deoxy variants of the sequence GGGACG
in the presence of K+ indeed each exhibited a strong positive
band at 265 nm and a strong negative band at 240 nm (data
not shown); these have been described as being characteristic
of parallel quadruplex structures.[19] Therefore, preparation of
short aminaoacyl carrier oligonucleotides mimicking the 5’-ter-

Scheme 3. KK13 ribozyme. A) Secondary structure of KK13. B) Reaction supported by KK13.

Figure 5. Time courses of aminoacylation reactions with l-Phe-p-T5A2, l-Phe-p-T6A2, and l-Phe-p-T7A2. A) Reaction analysis in 12 % acidic polyacrylamide
gels. B) Graph showing the time courses of reactions. AA: phenylalanine.
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minal sequence of KK13 was not further investigated, and the
ribozyme C3a was used immediately in combination with the
full-length KK13 for aminoacylation. According to prediction,
the activity of KK13 and C3a together would support amino
acid activation and transfer, analogously to modern aminoacyl-
tRNA synthetases. Firstly, KK13 reacts with phenylalanine to
produce the high-energy mixed anhydride between the phe-
nylalanine carboxylic acid group and the 5’-terminal phosphate
group of KK13 (Scheme 3 B), followed by formation of comple-
mentary base pairs of the 5’-terminal nucleotides of l-Phe-p-
KK13 with C3a and transfer of the amino acid from the KK13
5’-end to the 3’-terminal U of the C3a acceptor site (Fig-
ure 6 A).

Experimental confirmation of this concept involved incuba-
tion of phenylalanine with KK13 at pH 4, because of the insta-
bility of the aminoacyl phosphate group at higher pH (adeny-
late half-lives are minutes at 0 8C and pH 7),[13] followed by
buffer exchange to adjust to pH 6.4, and addition of C3a. For
comparison, C3a was also treated with the cognate substrate
l-Phe-AMP. Reaction analyses were conducted by use of the
ATTO680 labeling assay described above. As expected, C3a
accepts l-Phe-AMP as an activated amino acid substrate for
transfer to its 3’-terminal U (Figure 6 B). When l-Phe-AMP was
replaced by KK13 that had been treated with free phenylala-
nine prior to addition of C3a, the gel showed a characteristic
band that implied that aminoacyl transfer to the 3’-terminal U
of C3a had indeed occurred in the presence of the amino acyl
carrier RNA KK13 instead of the phenylalanine adenylate. This
result was reproducible, although further evidence of the ami-

noacyl transfer by methods such as mass spectrometry or nu-
clease digestion could not be obtained. The yield of amino
acylation is obviously rather low. Therefore, isolation of suffi-
cient amounts of the aminoacylated RNA from the reaction
mixture failed. As an alternative, we tried to identify C3a-Phe
directly in the reaction mixture. However, the small amount of
aminoacylated C3a was not detectable in the excess of un-
reacted C3a and KK13. Therefore, further optimization of the
system is needed in order to increase reaction yield and further
to support the initial result obtained from the ATTO680 label-
ing assay.

Discussion

By comparing the engineered aaRS·ribozyme complex with
modern aminoacyl-tRNA synthetases, we have developed a sim-
ple RNA-based system consisting of two ribozymes that 1) can
activate and transfer an amino acid to a specific RNA 3’-accept-
or site, 2) is specific for the l-amino acid, and 3) most likely
provides the 3’-terminal 2’-OH group as aminoacylation site
(like a Class I aaRS). The aminoacylation ribozyme complex
thus possesses the essential properties of aaRS protein en-
zymes, although mechanistic details are distinct. A significant
difference is that our RNA-aminoacylase consists of two indi-
vidual ribozymes to carry out the two subsequent steps of
aminoacylation, whereas the modern aminoacyl-tRNA-synthe-
tases support both activation and transfer of an amino acid.
Nevertheless, the two-step reaction catalyzed by C3a in collab-
oration with KK13 is a nice example of the concerted action of
two individual ribozymes. Future work might progress into an
aminoacylating ribozyme combining both domains derived
from KK13 and C3a, for amino acid activation and transfer, into
one molecule.

In order to evaluate the ability of the original C3 ribozyme
to accept an oligonucleotide as amino acyl carrier instead of
aa-AMP, ribozyme C3T was generated. In contrast to the origi-
nal C3 ribozyme, C3T provides a single-stranded 5’-end for rec-
ognition and binding of the amino acyl carrier oligonucleotide
l-Phe-p-T6A2 (Scheme 2). For initial studies we chose the de-
oxyoligonucleotide p-T6A2 as described in a report by Tamura
and Schimmel,[15] who synthesized the aminoacylated variant
of this oligomer and used it for aminoacyl transfer in a miniheli-
cal RNA system. Application of a short oligoribonucleotide
mimicking the 5’-end of KK13 as aminoacyl carrier would obvi-
ously be a better option. However, rather unexpectedly, we
failed with the synthesis of the 5’-aminoacyl phosphate oligo-
ribonucleotide l-Phe-p-GGGACG, as well as with that of the
corresponding deoxyoligoribonucleotide, very likely because of
G-quadruplex formation. It has been shown previously that, in
aqueous solution, the 6 nt telomeric sequence d(TTAGGG)
forms an all-parallel G-quadruplex in the presence of K+

ions.[19] The final purification step in the synthesis of l-Phe-p-
GGGACG requires potassium phosphate buffer (see the Experi-
mental Section) and thus supports quadruplex formation.
Indeed, the recorded CD spectra of our hexamers GGGACG
and d(GGGACG) also exhibit the characteristic bands of quad-
ruplex structures. Therefore, the negative result of phenylala-

Figure 6. RNA aminoacylase complex. A) Complex formation of C3a with
KK13, bearing l-phenylalanine as a high-energy mixed anhydride between
the carboxylic acid group of the amino acid and the 5’-phosphate at its 5’-
end, followed by aminoacyl transfer to the C3a-3’-end. B) Analysis of amino-
acylation mediated by C3a and KK13 by means of the ATTO680 labeling
assay. ATTO680-labeled aminoacylated RNAs were detected with a LI-COR
sequencer. AA: phenylalanine.
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nine loading onto these oligomers is most likely a result of in-
termolecular G-quadruplex formation sequestering the 5’-phos-
phate from reaction and/or hampering product isolation.

On the basis of the successful use of l-Phe-p-T6A2 with C3T,
we assumed that the sequence GGGACG would also be ac-
cepted as an aminoacyl carrier by the appropriate ribozyme
C3a, and used KK13 directly for reaction with phenylalanine
and subsequently with C3a. The problem of G-quadruplex for-
mation is less likely to apply to full-length KK13 because the
5’-terminal sequence is part of a larger structural entity and as
such less prone to intermolecular quadruplex formation. How-
ever, we note that the 5’-terminal sequence of KK13 might be
involved in intramolecular interactions that could possibly in-
terfere with formation of the mixed anhydride between the
carboxylic acid group of phenylalanine and the 5’-terminal
phosphate group of KK13 and/or formation of the l-Phe-p-
KK13·C3a complex as depicted in Figure 6 A. Indeed, the yield
of aminoacylation by KK13/C3a is rather low; this might be
a consequence of the specific KK13 fold. Furthermore, the cog-
nate substrate of the original C3 ribozyme is Phe-AMP,[10]

whereas with KK13 Phe-guanylate is provided.[13] This might
additionally repress reaction, because Phe-guanylate might be
less well accepted than Phe-adenylate. The 5’-terminal G
moiety in KK13 is necessary because KK13 is produced by T7
transcription. However, for C3 it was predicted that replace-
ment of adenine in Phe-AMP by other nucleobases should
have little impact on the reaction, and indeed, when synthetic
Phe-UMP was used as substrate, it showed the same order of
reactivity as Phe-AMP.[10] On the basis of these results, the
same may be assumed for Phe-GMP, such that phenylalanine
activated by KK13 is accepted as substrate for C3a, which is
a descendant of C3. Another reason for the low yield might be
the distinct reaction conditions required by the two ribozymes
and the sensitivity of the aminoacyl phosphate formed upon
reaction of phenylalanine with the 5’-terminal triphosphate of
KK13. KK13-supported activation of phenylalanine proceeds at
pH 4, due to the instability of the produced aminoacyl phos-
phate at neutral and higher pH.[13] In contrast, the C3a reaction
proceeds at higher pH. In the event, a pH of 6.4 was chosen
for all aminoacylation reactions, to ensure a sufficiently long
half-life of the mixed anhydride, this being about one hour for
aminoacyl adenylate under those conditions.[10] We have not
measured the half-life of aminoacylated KK13. However, in
view of the similar chemical nature of the mixed anhydride, we
assumed that it is in the same range as observed for l-Phe-
AMP. Reaction between KK13 and C3a was started with incuba-
tion of KK13 and free phenylalanine at pH 4.0, followed by
buffer exchange to switch to pH 7, and addition of C3a. Under
these conditions, the low yield of C3a aminoacylation might
be also a result of degradation of l-Phe-p-KK13 in competition
with complex formation with C3a and aminoacyl transfer. Fur-
thermore, the yield of l-Phe-p-KK13 resulting from the reaction
between phenylalanine and the 5’-triphosphate group of KK13
cannot be measured, due to the instability of the aminoacyl
phosphate. The observed low yield of the final C3a aminoacy-
lation might therefore also be a result of poor KK13 activity,
because in that case free KK13 would compete with aminoacy-

lated KK13 for binding to C3a, and thus hamper amino acid
delivery. A better scenario is the combination of the two do-
mains—for amino acid activation and amino acid transfer—
into one ribozyme structure. Future work will therefore focus
on evolutionary design of an RNA aminoacylase ribozyme
based on structural elements of KK13 and C3a. This should
also help to overcome the differences in the pH requirements
of the two ribozymes. Possible scenarios include shifting the
operational pH of the amino-acid-activating RNA domain up-
wards or, alternatively, increasing the reaction rate of amino-
acyl activation and transfer at low pH. Apart from the practica-
bility of the two steps proceeding at identical pH values, the
demonstration of this scenario would further underscore the
likelihood of such a ribozyme system having existed in the
RNA world.

Conclusions

The RNA world hypothesis suggests that modern protein syn-
thesis evolved from a set of ribozyme-catalyzed aminoacyl-
transfer reactions. In the setting of a world in which RNA had
already developed to a stage at which RNA replication was
possible, those RNAs capable of self-aminoacylation could
have had a selection advantage by, for example, gaining addi-
tional functionality from the attached amino acid. Such amino-
acyl-RNAs could later have served as starting materials for the
synthesis of peptides, providing the conjugated amino acids as
activated building blocks as known in modern biochemistry.
For self-aminoacylation, the RNA needs to pick one amino acid
selectively from a random mixture of amino acids, and to
attach it covalently, preferentially as an aminoacyl ester, to its
own backbone. Following the evolutionary path towards
modern protein biosynthesis, the 3’ terminus of the RNA
would be the favorite place for aminoacylation.

We have not yet succeeded in demonstrating a “one-pot”
catalytic process of aminoacyl activation and transfer mediated
by one single ribozyme as depicted in Scheme 1 (path B). In-
stead, the reaction still proceeds in two steps, but without the
need for ATP or a similar small-molecular activator molecule.
The system presented here thus corresponds to path C and
can be regarded as a progenitor of the self-aminoacylating
RNA shown in path B (Scheme 1). A paper showing that riboso-
mal history is driven by the gradual structural accretion of
functional elements was recently published.[20] Accordingly, an
aminoacylase ribozyme might have developed from subunits
mediating the two steps of aminoacylation separately, but in
a concerted action, as in the system presented here. Later on,
the two individual subunits could have merged into one ribo-
zyme structure in which the two domains for amino acid acti-
vation and transfer were covalently connected. Studies direct-
ed towards the development of such a system are in progress.

Experimental Section

Materials : Chemicals for RNA synthesis were obtained from com-
mercial suppliers (Roth, Sigma–Aldrich, and Acros). NTPs, dNTPs,
Taq polymerase, and Vent polymerase were purchased from New
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England Biolabs. T7 RNA polymerase was a noncommercial prod-
uct with a concentration of 76 mg mL!1. DNA primers and 5’-phos-
phorylated oligodeoxyribonucleotides were purchased from Bio-
mers with HPLC purification; standard PAC-phosphoramidites and
CPG supports were obtained from ChemGenes or Link Technolo-
gies. ATTO680-NHS was purchased from ATTO-TEC.

Oligonucleotide synthesis : All C3 ribozyme variants and the phos-
phorylated short oligomers T6A2, T7A2, T5A2, d(GGGACG), and
GGGACG were synthesized by the phosphoramidite method with
a Pharmacia Gene Assembler Plus at 1 mmol scale as described
elsewhere[21] and purified by 15 % denaturing polyacrylamide gel
electrophoresis.

The KK13 ribozyme was transcribed in vitro with use of T7 RNA
polymerase. The sequences of DNA templates and primers are as
follows:

KK13L DNA: 5’-TAATA CGACT CACTA TAGGG ACGAC GATGA CACGA
TACAT GAGAG ACATA TGATT CGTGA TGGGA GTCAC TGG-3’.

KK13R DNA: 5’-TGGTC ATGTG ATCGG CCGAT GTCCC CTCAG AAGTA
GTTGG ATTTC CGGCA CCACT GCGCC AGTGA CTCCC ATC-3’.

Forward primer: 5’-ATA CCA AGA AGC TGA CC-3’.

Reverse primer: 5’-ACC AGA CTA CTG TGT TTC TC-3’.

Double-stranded KK13 DNA was generated by PCR amplification
under the following conditions: DNA templates (0.125 nm), DNA
primers (1.0 mm), 1 ! Taq buffer, MgCl2 (3 mm), dNTPs (0.2 mm), Taq
polymerase (0.025 U mL!1), and Vent polymerase (0.01 U mL!1), 20
cycles (94 8C 1 min, 56 8C 1 min, 72 8C 1 min). The PCR product was
subjected to phenol/chloroform extraction and precipitated with
ethanol. For in vitro transcription, crude DNA (about 1 mg) was in-
cubated in HEPES-Na buffer (pH 7.5, 80 mm), with MgCl2 (12 mm),
spermidine (10 mm), dithiothreitol (200 mm), NTPs (2 mm each),
and T7 RNA polymerase preparation (0.25 mL, home made) in a
total reaction volume of 200 mL for 3 h at 37 8C. After treatment
with DNase I (1 U) for 30 min, proteins were removed by phenol/
chloroform extraction, and the RNA was purified by denaturing
polyacrylamide gel electrophoresis. Elution was carried out with
NaOAC (pH 5.0, 0.3 m) followed by ethanol precipitation.

Periodate oxidation of C3T RNA to generate a 3’-terminal di-
aldehyde : C3T RNA (0.5 nmol) was incubated in NaIO4 solution
(2.5 mm, 10 mL) together with NaOAC (pH 5.0, 100 mm) on ice for
50 min. The reaction solution was precipitated (ethanol) and dried
by speed vacuum evaporation. The product was redissolved in
water for the aminoacylation reaction.

Synthesis of activated amino acid substrates : Phenylalanyl ade-
nylate (Phe-AMP) was synthesized as described previously by Illan-
gasekare et al.[1] For the synthesis of aminoacyl phosphate oligonu-
cleotides the same protocol was used with slight modification: the
desalted 5’-phosphorylated oligonucleotide (25 nmol, free acid)
and either l-phenylalanine or d-phenylalanine (250 nmol) were dis-
solved in H2O (2.4 mL). Pyridine (7.9 mL) and HCl (8 n, 0.2 mL) were
added to this solution at 0 8C, and N,N’-dicyclohexylcarbodiimide
(0.038 mmol) in pyridine (8.6 mL) was then added with stirring, over
ice, for 6 h. Next, acetone (120 mL) was used to precipitate the
solid, which was collected by centrifugation. The dried pellet was
dissolved in KH2PO4 (pH 4.5, 50 mm, 800 mL) at 0 8C, filtered, and
transferred to a Sep-Pak C18 column (Waters WAT020515) that had
previously been washed with acetonitrile followed by H2O. The ad-
sorbed Phe-p-oligonucleotide was washed with H2O (10 mL) and
eluted with acetonitrile (2 mL). The first 400 mL were discarded; the
following eight fractions (200 mL each) were collected, frozen in

liquid nitrogen and vacuum-dried. The purified aminoacyl phos-
phate oligonucleotide was stored dry at !20 8C until use.

Aminoacylation assays

Reaction of C3 RNA with l-Phe-AMP : C3 RNA in water was incubat-
ed at 75 8C for 4 min, and piperazine-N,N’-bis(2-ethanesulfonic acid)
(Pipes, pH 6.4) and salts were then added to reach the following
final concentrations in a total volume of 10 mL: RNA (12.5 mm),
Pipes (100 mm), NaCl (100 mm), KCl (100 mm), CaCl2 (5 mm), MgCl2

(5 mm), MnCl2 (0.1 mm). The mixture was left to cool to room tem-
perature for 10 min and incubated at 15 8C for another 10 min.
Phe-AMP was dissolved in cold water and added to the reaction
solution to a final concentration of 5 mm. The reaction mixture
was incubated at 15 8C for 1 h. The aminoacylated product was
precipitated (ethanol) twice to remove Phe-AMP and salts.

Reaction of C3 RNA, C3T RNA, and C3TM RNA with aminoacylphos-
phate oligonucleotides (l-Phe-p-T6A2, l-Phe-p-T5A2, l-Phe-p-T7A2):
C3 RNA or C3T RNA in water was incubated at 75 8C for 4 min, and
Pipes (pH 6.4) and salts were then added to reach the following
final concentrations in total volumes of either 10 mL (activity tests)
or 90 mL (quantitative analysis): RNA (12.5 mm), Pipes (100 mm),
NaCl (100 mm), KCl (100 mm), CaCl2 (5 mm), MgCl2 (5 mm), MnCl2

(0.1 mm). The mixture was left to cool to room temperature for
10 min and incubated at 15 8C for another 10 min. Aminoacyl phos-
phate oligonucleotide was dissolved in cold water and added to
the reaction solution to give a final concentration of 250 mm. The
reaction mixture was incubated at 15 8C for 1 h. To monitor the
time course of the reaction, aliquots of 10 mL were taken out at
suitable time intervals, and reaction was stopped immediately by
precipitation (twice with three volumes ethanol). The pellet was
collected by centrifugation, dissolved in NaOAc (pH 5.0, 0.1 m,
10 mL) and mixed with loading buffer [urea (6 m) in NaOAc (pH 5.0,
0.1 m, 10 mL)]. Samples were analyzed by acidic gel electrophoresis
as described below. Determination of observed rate constants was
performed by curve fitting according to the equation P = P0 +
a(1!e!kobst). P is the product formation and P0 the background
cleavage at t = 0 (which was not detectable and therefore set to 0),
a is the fraction cleaved at t =1, and kobs is the observed rate con-
stant.

ATTO680-NHS labeling of aminoacylated RNA : ATTO680-NHS
ester purchased from ATTO-TEC was used for labeling of the ami-
noacylated RNA, which contains the amino acid at the 3’-end and
thus provides an amino group to act as a nucleophile in reaction
with the NHS ester. For derivatization, dried aminoacylation re-
action products (about 20 pmol) were dissolved in Tris·HCl (pH 8,
100 mm, 10 mL) and DMSO (70 %, v/v), containing ATTO680-NHS
(200 pmol). The mixture was incubated for 10 min at room temper-
ature with gentle shaking. The reaction volume was increased to
30 mL with sodium acetate solution (pH 5.2) to a final concentra-
tion of 300 mm NaOAc (pH 5) and 70 % DMSO. The solution was
then precipitated with three volumes of ethanol, and the pellet
was collected by centrifugation. All the procedures were carried
out in the dark. The dried sample was dissolved in NaOAc (pH 5,
0.1 m) and mixed with the same volume of loading buffer [forma-
mide (98 %), EDTA (10 mm), Bromophenol Blue (0.05 %), xylene
cyanol (0.05 %) prior to loading onto a 15 % polyacrylamide gel
(7 m urea) in a DNA sequencer machine (LI-COR 4200 L) for detec-
tion of ATTO680-labeled fragments. As control, ATTO-680NHS was
treated with non-aminoacylated RNA; no signal was detectable in
the gel.

Acidic gel electrophoresis for detection of aminoacylation : An
aliquot from the aminoacylation reaction (about 100 pmol) was
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precipitated twice with ethanol (three volumes), and the pellet was
collected by centrifugation. The dried sample was dissolved in
NaOAc (pH 5.0, 0.1 m, 10 mL) and mixed with loading buffer [urea
(6 m) in NaOAc (pH 5.0, 0.1 m, 10 mL)] . The sample was then fractio-
nated by electrophoresis at low temperature on a 12 % polyacryl-
amide gel (acrylamide/bisacrylamide 19:1) containing urea (6 m) in
NaOAc (pH 5.0, 0.1 m). The electrophoresis was carried out at 4 8C
at 300 V for 12–16 h until the bromophenol blue dye reaches the
bottom of the gel.

MALDI-TOF mass spectrometry : Purified l-Phe-p-T6A2 (about
2 nmol) was dissolved in CH3CN (2 mL) and matrix solution (3-hy-
droxypicolinic acid saturated buffer in 50 % CH3CN, 2 mL). A sample
(0.5 mL) was loaded onto the MALDI target plate and dried in the
open air. The dried sample was analyzed with a Bruker microflex
Daltonics mass spectrometer (linear negative mode).

Aminoacylation with the aaRS ribozyme reaction system : KK13
RNA catalysis was carried out according to the procedure of Kumar
and Yarus:[13] KK13 was dissolved in water to give a final concentra-
tion of 1.5 mm in a final volume of 10 mL and heated at 90 8C for
3 min. When the temperature had dropped to around 60 8C, NaCl
and CaCl2 were added to reach final concentrations of 50 mm and
5 mm, respectively, and the mixture was incubated at room tem-
perature for 5 min. Lastly, phenylalanine was added to the solution
to a final concentration of 50 mm. The reaction solution was buf-
fered to pH 4 and incubated at 25 8C for 2 h. The reaction mixture
was precipitated twice (ethanol, three volumes) to remove phenyl-
alanine and salts. For the subsequent aminoacyl transfer, C3a RNA
in water was incubated at 75 8C for 4 min, and salts were then
added to give the following final concentrations in a volume of
10 mL: C3a RNA (12.5 mm), KCl (100 mm), MgCl2 (5 mm), HEPES
(pH 7.0, 100 mm). The mixture was allowed to cool to room tem-
perature for 10 min and incubated at 4 8C for another 10 min.
Dried Phe-p-KK13 (about 1 nmol) was dissolved in cold water and
added to the reaction solution. The reaction mixture was incubat-
ed at 4 8C for 2 h. The aminoacylated product was precipitated
(ethanol) twice and analyzed by the ATTO680 labeling assay as de-
scribed above.

Keywords: amino acid activation · aminoacylation ·
ribozymes · RNA world · RNA
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Abstract)
Engineering"of"nucleic"acids"has"been"a"goal"in"research"for"many"years."Since"the"discovery"
of" catalytic" nucleic" acids" (Ribozymes" and" DNAzymes)," this" field" has" gained" even" more"
attention,"for"one"because"a"large"number"of"ribozymes"have"been"engineered"that"catalyze"
a"broad"range"of"reactions"of"relevance"to"the"origin"of" life."For"the"other,"the"structure"of"
ribozymes"or"DNAzymes"has"been"modulated"in"a"way"that"activity"becomes"dependent"on"
allosteric" regulation" by" an" external" co;factor." Such" constructs" have" great" potential" for"
application"as"biosensors"in"medicinal"or"environmental"diagnostics,"and"as"molecular"tools"
for"control"of"cellular"processes."In"addition"to"the"development"of"nucleic"acid"enzymes"by"
in"vitro"selection,"rational"design"is"a"powerful"strategy"for"the"engineering"of"ribozymes"or"
DNAzymes" with" tailored" features." The" structure" and" mechanisms" of" a" large" number" of"
nucleic" acid" catalysts" nowadays" is" well" understood." Therefore," specific" design" of" their"
functional" properties" by" structural" modulation" is" a" good" option" for" the" development" of"
custom;made" molecular" tools." For" rational" design," several" parameters" have" to" be"
considered,"and"a"number"of"tools"are"available"to"help/guide"sequence"design."Here,"we"will"
discuss" sequence," structure" and" functional" design" at" the" example" of" hairpin" ribozyme"
variants" to" highlight" the" challenges" and" opportunities" of" rational" nucleic" enzyme"
engineering."
)
)
Keywords)
Cleavage,"Engineering,"Ligation,"Recombination,"Ribozyme,"
) )
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1)) Introduction)
Over"the"past"decade,"the"engineering"of"nucleic"acid"enzymes"has"become"a"powerful"area"
of" research" with" potential" applications" in" the" fields" of" chemical" and" molecular" biology,"
medicinal" and" environmental" diagnostics" (Liu" et" al." 2009)." Ribozymes" and" DNAzymes" are"
versatile" molecular" tools" and" their" relevance" for" the" aforementioned" research" fields" has"
constantly" grown" over" the" past" years." Ribozyme" applications" in" molecular" biology" range"
from" simple" cleavage" or" ligation" of" a" defined" RNA" target" (Jimenez" et" al." 2015)," over" the"
introduction"of" sequence"alterations"and/or"modifications" into" the"desired" target"RNA" ," to"
regulation" of" gene" expression" when" combined" with" a" suitable" sensor" module" (e.g." an"
aptamer)"(Frommer"et"al."2015;"Muller"et"al."2012).""
There" are" two"major" strategies" for" nucleic" acid" enzyme"engineering:" (i)" in" vitro" evolution,"
which"is"based"on"selection"of"a"nucleic"acid"molecule"with"desired"properties"from"a"library"
of" random" sequences," and" (ii)" rational" design," which" starts" from" a" known" ribozyme" or"
DNAzyme" and" is" based" on" structural"manipulation" to" affect" the" function" in" a" pre;defined"
way."Whereas" in" vitro" evolution" has" allowed" to" develop"many" nucleic" acid" enzymes"with"
novel"activities"and"thus"greatly"enlarged"the"repertoire"of"nucleic"acid"catalysis"(Hollenstein"
2015;"Jaschke"2001),"rational"design"has"been"more"focused"on"using"the" intrinsic"catalytic"
features" of" ribozymes" and" DNAzymes" for" novel" developments." For" the" latter," deep"
knowledge" of" the" structure" and"mechanism" is" of" utmost" importance." Over" the" years," an"
enormous" amount" of" data"was" collected" on" the" structure" and"mechanism" of" nucleic" acid"
enzymes"(Jimenez"et"al."2015;"Wilson"and"Lilley"2015)."Thus,"nowadays"we"understand"many"
RNA;"and"DNA;based"catalysts"well"enough"to"turn"them"into"useful"tools."The"past"decade"
has" seen" impressive" developments" based" on" the" usage" of" known" catalytic" nucleic" acid"
structures"(Muller"et"al."2016)."For"example,"self;splicing"group"I"introns"have"been"designed"
to"support"RNA"circularization"(Umekage"and"Kikuchi"2009a;"Umekage"and"Kikuchi"2009b),"
several" ribozymes" and" DNAzymes" have" been" engineered" to" be" regulated" by" allosteric"
cofactors" or" by" temperature" (Frommer" et" al." 2015)," hairpin" ribozyme" descendants" were"
designed" to" support" RNA" repair," recombination," oligomerization" or" circularization(Muller"
2015)."When"looking"into"the"literature,"it"is"fascinating"to"see,"how"well"engineered"nucleic"
acid"catalysts"perform"the"intended"action."
However,"often"it"takes"a"long"road"and"much"effort"to"get"there."There"are"a"lot"of"aspects"
that" need" to" be" considered" when" designing" even" an" already" extensively" characterized"
ribozyme" for"a"novel" application."Many"hurdles"and"challenges" including" sequence"design,"
site;specificity," structural" design" and" target" accessibility" need" to" be" overcome." Therefore,"
the" design" of" a" new" ribozyme;based" application" requires" a" good" guideline" in" order" to"
achieve"a"functional"system"in"the"end."Basically,"the"design"can"be"divided"into"three"major"
parts." The" first" part" covers" the" sequence" design," the" second" part" deals" with" structural"
aspects" that" need" to" be" taken" into" account" for" a" certain" application" and" lastly," functional"
design" into" novel" activities" plays" a" role." In" the" following" chapters"we"will" concentrate" on"
ribozymes"(not"DNAzymes)"to"discuss"the"challenges"of"rational"design."In"particular,"we"will"
focus" our" discussion" on" the" hairpin" ribozyme" (Fig." 1)," because" it" is" a" well;studied" natural"
occurring"RNA"that"we"have"used"in"our"laboratory"for"a"number"of"engineering"projects.""
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!Fig.)1:"" Secondary" structure" of" the" hairpin" ribozyme" (left)" and" conserved" nucleobases"
(right)" with" tertiary" contacts." Active" sequence" variants" of" the" loop" A" motif" are"
separately"shown"(a;c)."

2)) Sequence)design)
Most" naturally" occurring" ribozymes" catalyze" rather" similar" reactions," which" are" cleavage"
and/or"ligation"of"phosphodiester"bonds"by"transesterification"or"hydrolysis."These"activities"
are" mostly" required" for" application" in" molecular" biology" and" medicine," e.g." for" specific"
cleavage"of"a"defined"target"RNA"or"for"joining"two"RNA"fragments."However,"the"ribozyme"
sequence"needs"to"be"adapted"to"bind"the"chosen"substrate,"and"one"has"to"decide"which"
ribozyme" might" be" the" most" suitable" for" the" intended" ribozyme;based" application." The"
hammerhead," hairpin" and" hepatitis" delta" virus" ribozymes" are" excellently" suited" for" RNA"
cleavage"and"thus"are"useful"tools,"e.g."to"knockdown"gene"expression"by"cleaving"a"target"
mRNA" (Burnett" and" Rossi" 2012;" Drude" et" al." 2007a)." The" group" I" ribozyme" and" also" the"
hairpin"ribozyme"can"be"used"for"RNA"sequence"alteration"(Hieronymus"et"al."2016;"Müller"
2003;" Riley" and" Lehman" 2003)" or," among" other" ribozyme"motifs," for" the" introduction" of"
modifications" into" the" desired" RNA" strand" (Dotson" et" al." 2008;" Vauléon" et" al." 2005)."
Obviously,"the"hairpin"ribozyme"is"employable"in"various"ways,"due"to"its"flexible"adaptability"
to"a"desired"target,"activity"and"application."In"addition,"the"ribozyme"has"been"extensively"
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studied" over" the" past" decades." The" three;dimensional" structure" has" been" solved," and" the"
reaction"mechanism"is"well"understood"(Ferre;D'Amare"2004)(Fig."2).""
"

"

!Fig.)2:))Mechanism"of"the"reversible"cleavage"of"a"phosphodiester"bond"catalysed"by"the"
hairpin"ribozyme."

A"large"part"of"the"hairpin"ribozyme"sequence"consists"of"variable"nucleotides,"which"makes"
it"relatively"easy"to"tailor"the"ribozyme"for"specific"RNA"targets."Furthermore,"with"a"length"
of"50"nt"the"minimal"structure"of"the"hairpin"ribozyme"(a"trans;acting"ribozyme)"represents"a"
relatively"small"catalytic"RNA,"which"is"easy"to"handle"(low"tendency"for"misfolding)"and"to"
synthesize" without" difficulties." The"minimal" hairpin" ribozyme" consists" of" four" base;paired"
helices"(H1"–"H4)"and"two"loops"(A"and"B)"(Fig."1)."The"cleavage/ligation"site"is"located"in"loop"
A."The"active"conformation" is" formed"by"docking"of" loop"A"and"B." Interestingly," the"helical"
junction"has"a"tremendous"effect"on"the"stability"of"the"docked"conformer"(Klostermeier"and"
Millar" 2000)." Four;way" junctions" provide" a" stable" scaffold" that" in" the" case" of" the" hairpin"
ribozyme" enables" stabilization" of" the" tertiary" structure" and" thus" promotes" ligation" (Fedor"
1999)" (Fig." 3)." A" hairpin" ribozyme"with" four;way" junction" binds" its" cleavage" product" with"
higher"affinity" than" the"minimal"hairpin"motif," since" tertiary" interactions"within" the" folded"
structure" contribute" to"product"binding." Two;way"and" three;way" junctions"are" less" stable,"
but" therefore" are" more" sensitive" towards" regulation" by" ligands" (Klostermeier" and" Millar"
2000)." The" crystal" structure" of" the" hairpin" ribozyme" solved" by" Rupert" and" Ferré" d’Amaré"
gives"insight"into"the"catalytic"mechanism"that"is"proposed"to"proceed"by"general"acid;base"
catalysis"(Rupert"and"Ferré;D'Amaré"2001;"Rupert"et"al."2002).""""""

""""" "

!Fig.)3:"" Influence"of"the"hairpin"ribozyme"structure"containing"a"two;way"(2WJ),"three;way"
(3WJ)"or"four;way"(4WJ)"junction"on"cleavage/ligation"activity."
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The"most" crucial" aspect" for" sequence" design" is" the" consensus" sequence" of" the" ribozyme,"
which" defines" the" ribozyme’s" adaptability" to" a" particular" target" RNA." For" the" hairpin"
ribozyme" the" conserved"nucleobases" essential" for" the" formation"of" the" catalytically" active"
structure" as" well" as" for" active" site" chemistry," are" only" located" within" loop" A" and" loop" B"
(Berzal;Herranz"et"al."1992;"Berzal;Herranz"et"al."1993;"Chowrira"et"al."1991;"Chowrira"and"
Burke" 1991;" Joseph" et" al." 1993)." The" helical" regions" are" fully" variable" and" can" be" easily"
adapted"to"the"target"RNA."For"a"trans;acting"ribozyme"loop"A"is"formed"upon"binding"of"the"
substrate" to" the" ribozyme." Therefore" it" is" important" to" screen" the" target" RNA" for" the"
required"consensus"sequence"5’;Y;2N;1↓G+1U+2Y+3B+4;3’"(with"N"="A,"C,"G"or"U;"Y"="C"or"U;"B"="
C," G" or" U)" to" ensure" excellent" ribozyme" activity" (Fig." 1b)." However," deviations" from" the"
consensus" sequence" do" not" necessarily" result" in" loss" of" ribozyme" activity." Whereas" the"
presence"of"G+1"is"indispensable"(Anderson"et"al."1994;"Berzal;Herranz"et"al."1992;"Chowrira"
et" al." 1991;" Shippy" et" al." 1998)," other" deviations" are"more" tolerated." As" we" have" shown"
previously," A+4," although" being" not" allowed" according" to" the" consensus" sequence"
mentioned"above,"does"not" lead" to"a" significant"decrease" in" ribozyme"activity," and" loss"of"
activity"caused"by"deviations"from"U+2"and"Y+3" in"the"substrate"strand"can"be"restored"by"
compensatory"mutations"made"in"the"ribozyme"strand"(Balke"et"al."2016;"Balke"et"al."2014;"
Drude"et"al."2011)"(Fig."1c)."Compensatory"mutations"were"found"by"careful"checking"of"the"
hairpin"ribozyme"crystal"structure"and"by"trial"and"error"activity"tests."This"strategy"requires"
some"effort;"however" it"has"allowed" the"design"of" ribozymes"and"processing"of" substrates"
beyond" the" consensus" sequence." Interestingly," there" are" also" mutations" that" strongly"
influence"the"cleavage;ligation"equilibrium"of"the"hairpin"ribozyme."Whereas"in"the"wildtype"
ribozyme" ligation" is" favored" over" cleavage," mutations" of" A9" and" A10" were" shown" to"
eliminate" ligation" activity" but" leaving" cleavage" activity" fully" intact" (Gaur" et" al." 2008)." Even"
more" than" that:" mutation" of" A10!G" leads" to" a" fivefold" enhancement" of" cleavage" while"
preventing"ligation,"and"substrates"with"A10!C"are"ligated,"but"virtually"not"cleaved"(Balke"
et"al."2014)."Thus,"a"single"point"mutation"can"have"not"only"quantitative"but"also"qualitative"
effects"on"activity"and"thus"can"be"of"great"importance"to"rational"design"purposes."
Another"important"aspect"for"sequence"design"is"the"length"of"the"duplex"formed"between"
ribozyme" and" substrate" upon" binding," as" it" can" strongly" influence" the" preference" for"
cleavage"or" ligation"catalysis"depending"on" the"stability"of" the" ribozyme"substrate/product"
complex."When" the" duplex" is" relatively" short" resulting" in" a" less;stable" ribozyme;substrate"
complex" (however" stable" enough" to" form" a" catalytically" competent" structure)," then"
dissociation" of" cleavage" products" is" fast" and" cleavage" is" favored" over" ligation." For" this"
reason," equilibrium" is" shifted" towards" cleavage" in"minimal" hairpin" ribozymes" consisting"of"
just"the"two"hinged"loop"A"and"loop"B"domains."On"the"other"hand,"a"longer"duplex"leads"to"
tighter"bound"substrates"because"of"the"large"thermodynamical"contribution"of"the"Watson;
Crick" base" pairs." When" fragments" are" tightly" bound" to" the" ribozyme," dissociation" is"
disfavored" and" the" hairpin" ribozyme" preferentially" undergoes" ligation." Increase" of" the"
stability" of" the" ribozyme/substrate" complex" can"be" achieved"by" lengthening" the" 3’;end"of"
the"ribozyme"via"a"three;way"junction"(Fig."3).""""
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Three;way"junction"hairpin"ribozymes"can"be"well"used"for"RNA"ligation.""Thereby"two"RNA"
substrates"are"joined"to"form"for" instance"a"long;mer"RNA,"which"would"be"inaccessible"by"
chemical" synthesis." This" becomes" even"more" important,"when"modifications" shall" be" site;
specifically" introduced" into" long;mer" RNAs." The" RNA" fragment" that" contains" the" desired"
modification," e.g." fluorescent" dyes" or" biotin," would" be" chemically" synthesized" and"
subsequently" ligated" to" a" second" RNA" fragment" in" a" three;way" junction" hairpin" ribozyme"
supported"reaction."Three;way" junction"hairpin"ribozymes"cannot"only"be"used"to" link" two"
substrates;" they"can"also"be"used"for"RNA"recombination."When"combining"two"three;way"
junction"hairpin" ribozymes" into"one"molecule,"a"new" type"of"a" catalytic"RNA" is"generated,"
which"we"have"named"twin"ribozyme"(Fig."4).""
"

"""""" "

!Fig.)4:)" Twin"ribozyme"mediated"fragment"exchange"reactions."The"red"fragment"is"cut"out"
(cleavage"is"favored)"and"replaced"with"the"blue"fragment"(ligation"is"favored)."

Twin" ribozymes" are" capable" of" cleavage" and" ligation" of" a" suitable" RNA" substrate" at" two"
defined" positions" allowing" the" exchange" of" a" short" patch" of" RNA" for" an" externally" added"
oligonucleotide"(Welz"et"al."2003)."The"twin"ribozyme;mediated"exchange"reaction"enables"
sequence" alteration" or" introduction" of"modifications" into" the" target" RNA." However," since"
binding"of"the"externally"given"oligonucleotide"competes"with"re;association"of"the"internal"
cleavage" fragment," the" equilibrium" needs" to" be" shifted" towards" binding" of" the" external"
oligonucleotide" to"ensure"optimal" sequence"exchange."This" can"be"achieved"by"promoting"
the"dissociation"of" the" internal"cleavage"fragment."Therefore"binding"of" the"substrate"RNA"
has" to" be" designed" in" a"way" that" a" destabilizing" structure" (e.g.,"mismatches" or" bulges)" is"
formed" within" the" sequence" patch" that" is" supposed" to" be" cut" out." Consequently," the"
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dissociation" of" the" cleavage" fragment" is" promoted," whereas" the" externally" added"
oligonucleotide" forms" a" contiguous" duplex"with" the" ribozyme," and" is" preferentially" bound"
due"to"its"more"stable"and"therefore"favored"structure"(Fig."4)."Finally,"after"twin"ribozyme;
mediated" ligation," the" desired" product" is" formed." Depending" on" the" design" of" the"
ribozyme/substrate"complex,"twin"ribozymes"can"mediate"the"exchange"of"fragments"of"the"
same"length"(Vauléon"et"al."2005),"as"well"as"the"exchange"of"short"fragments"against"longer"
versions"(Welz"et"al."2003)"and"vice"versa"(Drude"et"al."2007b)."A"crucial"aspect"for"optimal"
twin"ribozyme;mediated"sequence"exchange"is"the"length"of"the"fragment"to"be"cut"out."It"is"
very" important" that" the" gap" between" the" two" cleavage/ligation" sites" is" not" too" large,"
otherwise" dissociation" of" the" cut" out" fragment" and" consequently" the" exchange" with" the"
repair"oligonucleotide"would"be"dramatically"hampered."As"a"guideline,"the"optimal"length"of"
the"fragment"to"be"cut"out"is"12;18"nt"to"still"ensure"sufficient"dissociation"(Balke"et"al."2016;"
Balke"et"al."2014;"Drude"et"al."2007b;"Vauléon"et"al."2005;"Welz"et"al."2003)."
Thus," as" described" above" for" the" engineering" of" hairpin" ribozyme" variants," a" number" of"
points"have"to"be"considered"when"designing"the"sequence"of"a"ribozyme"for"a"certain"target"
and" application." " First," a" suitable" naturally" occuring" or" previously" in" vitro" selected" nucleic"
acid"enzyme"has"to"be"defined"as"precursors"or"starting"point"for"design."Next,"the"sequence"
of" the" ribozyme/DNAzyme" that" is" involved" in" substrate" binding" needs" to" be" adapted" to"
recognize" and" process" the" chosen" target." This" requires" to" pay" particular" attention" on"
securing" that" sequence" changes"do"not" inhibit" activity"of" the"nucleic" acid"enzyme." " Lastly,"
sequence"changes"may"affect"the"reaction"equilibrium","e.g."between"cleavage"and"ligation,"
and"therefore"need"to"be"considered"(or"maybe"even"used"by"purpose),"to"favor"the"one"or"
the" other" activity." These" key" aspacts" apply" to" all" engineering" work" independent" of" the"
specific"ribozyme/DNAzyme"and"application."
)
3)) Structural)design)
For" the" development" of" a" rationally" designed" system," it" is" essential" to" verify" that" the"
engineered" nucleic" acid" sequence" in" presence" of" its" substrate" folds" in" the" intended"
secondary"structure."Although"the"helical"parts"of"most"ribozymes"and"DNAzymes"are"freely;
selectable,"it" is"possible"that"the"designed"sequence"may"fold"into"a"different,"energetically"
more" preferred" secondary" structure" than" the" one" representing" the" active" state," and" thus"
forming" an" inactive" RNA" or" DNA." In" addition," sequence" changes," necessary" to" meet" the"
expected"application,"may"result"in"unwanted"interactions."Those"very"challenges"include"for"
instance"targets"that"do"not"bind"to"the"substrate"binding"site"but"instead"elsewhere"to"the"
ribozyme"sequence,"strands"that"suddenly"favour"a"monomolecular"over"proper"bimolecular"
folding," or" a" thermodynamically" favoured" dimer" instead" of" the" intramolecularly" folded"
nucleic" acid" strand." For" every" substituted," inserted" or" deleted" nucleotide" the" secondary"
structure"of"the"overall"system"has"to"be"rechecked"whether" it"still" folds" into"the" intended"
active" conformation." If" not," the" mutation" has" to" be" changed" back" or" (more" challenging)"
compensatory"mutations"have"to"be"found"and"inserted."
A"first"indication"on"proper"folding"can"be"achieved"with"computer;aided"folding"algorithms,"
which" are" focussed" on" RNA" folding," but" basically" can" be" also" applied" to" DNA" folding"
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prediction." For" RNA" secondary" structure" prediction" several" software" applications" such" as"
RNAstructure"(Reuter"and"Mathews"2010),"Vienna"RNA"Package"(Hofacker"2003;"Hofacker"et"
al."1994)"or"Mfold"(Zuker"2003)"have"been"developed"and"are"freely"accessible"(Table"1)."
"
Table)1."Useful"programs"for"sequence"design"of"ribozymes."

Program" Description" URL)
RNAstructrue) RNA"secondary"structure"prediction"

and"prediction"of"the"consensus"
secondary"structure"of"two"or"more"
sequences"(Dynalign"or"Multialign)"

http://rna.urmc.rochester.edu/rn
astructure.html"

Vienna)RNA)Package) RNA"secondary"structure"prediction"
(RNAfold)"and"RNA"sequence"design"
using"constraint"secondary"structures"
(RNAinverse)"

http://www.tbi.univie.ac.at/RNA/"

RNAshapes) Secondary"structure"prediction"of"
multiple"sequences,"followed"by"
determination"of"a"conserved"
structure"

http://bibiserv.techfak.uni;
bielefeld.de/rnashapes"

RNA)Designer) RNA"sequence"design"using"
constraint"secondary"structures"

http://www.rnasoft.ca/cgi;
bin/RNAsoft/RNAdesigner/rnades
ign.pl"

RNAdesign) RNA"design"with"multiple"target"
secondary"structures"

http://www.bioinf.uni;
leipzig.de/~choener/rnadesign/"

VARNA) Visualization"and"drawing"of"RNA"
secondary"structures"

http://varna.lri.fr/"

"
The"most"popular"method"for"RNA"secondary"structure"prediction"is"based"on"calculating"the"
minimal" free" energy" of" structural"motifs" that" are" formed" by" base;pairing"within" the" RNA."
That"means,"the"Gibbs"free"energy"change"can"be"determined"by"summing"up"the"individual"
base;paring"energies,"and"the"secondary"structure"with"the"lowest"Gibbs"free"energy"change"
is" proposed" to" be" the"most" preferred" structure" that" is" formed." However," these" programs"
only" calculate" Watson;Crick" and" wobble" base" pairs" (GqU)." They" do" not" consider" non;
canonical"base"pairs" like"Hoogsten"base"pairs,"and"usually"pseudoknots"are"also" ignored" in"
order" to" gain" higher" calculation" efficiency." Furthermore," since" the" secondary" structure"
prediction"is"a"modelling"approach,"the"calculated"structure"with"the"lowest"free"energy"does"
not" necessarily" correspond" to" the" actual" secondary" structure" formed" under" the" chosen"
reaction"conditions."This" is"a"critical"aspect"that"should"always"be"taken"into"account"when"
using"computational"methods" for"RNA"secondary" structure"prediction" (Weeks"and"Mauger"
2011)." For" short"and" simple" structures,"as" it" applies" for" the"hairpin" ribozyme," this"method"
works"very"well."However,"it"is"not"accurate"for"large"RNAs"as"exemplified"for"the"Escherichia-
coli"16S"rRNA."Here,"only"50%"of"the"base"pairs"were"predicted"correctly"(Deigan"et"al."2009)."
Refinement" of" the" secondary" structure" prediction" can" be" achieved" when" experimental"
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information" is" incorporated" into" the" prediction" algorithm" (Mathews" et" al." 2004)." Thus,"
prediction" of" the" 16S" RNA" secondary" structure" could" be" improved" to" 72%" accuracy" by"
experimental" data" obtained" from" chemical" probing" experiments," and" even" up" to" 95%"
accuracy"by"selective"2’;hydroxyl"acylation"analysed"by"primer"extension"(SHAPE)"(Deigan"et"
al."2009)."Therefore,"one"should"keep"in"mind"that"computer;aided"prediction"of"secondary"
structure" works" well" for" smaller" RNAs," whereas" for" larger" RNAs" additional" experimental"
data," most" favourably" from" SHAPE" analysis," can" significantly" improve" the" accuracy" of"
prediction." The" software" platforms" RNA" structure" offers" the" possibility" to" directly" feed" in"
experimental"SHAPE"data,"which"then"are"considered"in"structure"calculation.""The"emerging"
abundance" of" experimental" data" do" not" only" help" to" refine" the" secondary" structure"
prediction" when" using" current" folding" algorithms," in" turn" they" also" contribute" to"
improvement"of" the"prediction"algorithms" themselves"or"even" to"develop"new"algorithms,"
which"are"expected"to"be"more"accurate.""
As" an" alternative" to" verifying" the" secondary" structure" of" a" designed"RNA"one" can" apply" a"
method" that" allows" inverse" RNA" sequence" design." In" contrast" to" the" above" mentioned"
approach" sequence"design"proceeds"now" in" the"opposite"way."First" the"desired" secondary"
structure"is"defined"and"in"the"next"step"an"inverse"RNA"sequence"design"program,"such"as"
RNAinverse" (included" in" the" Vienna" RNA" package" (Lorenz" et" al." 2011))" or" RNA" Designer"
(Andronescu" et" al." 2004)," determines" the"RNA" sequence"with" the" lowest" free" energy" that"
gives" the" predefined" secondary" structure." Since" not" the" entire" RNA" sequence" may" be"
variable" it" is" possible" to" specify" nucleotides" at" defined" positions" within" the" secondary"
structure."More"recently,"several"inverse"folding"programs"(MODENA)"have"been"developed"
that" even" allow" the" design" of" RNA" sequences," which" fold" into" multiple" target" secondary"
structures"(Höner"zu"Siederdissen"et"al."2013;"Taneda"2015)."Hence,"this"tool"might"be"very"
useful"for"the"design"of"riboswitches,"aptazymes"or"multiple"substrate;processing"ribozymes.""""
At"last,"it"has"to"be"mentioned"that"all"the"efforts"of"ribozyme"design"would"be"completely"in"
vain" if" the" ribozyme" binding" site" within" the" target" RNA" is" not" accessible." This" challenge"
applies"not"only" for" ribozyme"design,"but"also" for"antisense"oligonucleotides" (ASOs)," short"
interfering" RNAs" (siRNAs)" or" guide;RNAs" that" direct" a" specific" enzyme" to" the" desired"
location,"where"processing"is"supposed"to"take"place."As"previously"shown,"a"twin"ribozyme"
was"developed"by"rational"design"and"was"able"to"repair"a"three;base"deletion"within"a"short"
model" substrate" based" on" the" CTNNB1" mRNA" with" a" yield" of" 30%" (Balke" et" al." 2014)."
However," after" adaption" of" the" twin" ribozyme" to" the" entire" CTNNB1;ΔS45" mRNA" repair"
reaction" failed." SHAPE" analysis" in" order" to" refine" secondary" structure" prediction" revealed"
that" the"mRNA" folds" into" an" unfavourable" structure," such" that" the" twin" ribozyme;binding"
site"is"blocked."To"overcome"that"challenge"one"can"follow"several"approaches."A"simple"and"
sometimes" very" helpful" technique" is" the" usage" of" competitor" oligonucleotides" that" may"
assist" in" defolding" the" cleavage/ligation" of" the" target" RNA" (Vauléon" et" al." 2005)." A"more"
systematic" approach" for" detection" of" ribozyme" binding" sites" deals"with" preparation" of" an"
oligodeoxynucleotide"(ODN)"library"used"for"an"RNaseH"assay"(Scherr"et"al."2001)."Effective"
cleavage"of"the"RNA:DNA"hybrid"by"RNaseH"marks"the"most"accessible"sites"that"can"be"used"
for" ribozyme" base;pairing." Another" sophisticated" technique" makes" use" of" RNA;protein"
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hybrid"ribozymes"that"are"able"to"process"any"RNA"target"independently"of"the"secondary"or"
tertiary"structure"(Warashina"et"al."2001)."To"do"so,"the"constitutive"transport"element"(CTE),"
a"RNA"motif"that"allows"interaction"with"intracellular"RNA"helicases,"has"to"be"conjugated"to"
the"terminus"of"ribozyme."The"bound"RNA"helicase"assists"the"ribozyme"to"bind"its"target"site"
by"unwinding"the"local"secondary"structure."
"
4)) Functional)design)
As" already" mentioned" above," in" many" of" our" applications" we" take" advantage" of" the"
cleavage/ligation" equilibrium" of" the" hairpin" ribozyme," which" can" be" easily" shifted" via"
temperature"adjustment"and/or"substrate"stabilization"(or"destabilization),"and"thus"allows"
us" to" control" the" two" reactions." At" the" example" of" a" hairpin" ribozyme;mediated"
recombination"system"(Fig."5)"we"will"here"discuss"the"challenges"of"applying"this"control"for"
functional"design.""
"

"

!Fig.)5:"" Hairpin"ribozyme"mediated"RNA"recombination.""

As"a"key"feature"of"the"engineered"recombination"system"two"RNA"strands"without"function"
are" cleaved,"mutually" exchanged" and" recombined" by" a" single" hairpin" ribozyme," yielding" a"
functional"RNA" (Hieronymus"et" al." 2016)." The" two"RNA"educts" consist" each"of" a"nonsense"
and"a"pro;functional"half" linked"via"the"hairpin"ribozyme"specific"cleavage"sequence"AGUC."
The"nonsense"part"was"designed"in"a"way"that"it"binds"weakly"to"the"substrate"binding"site"of"
the" ribozyme," whereas" the" pro;functional" part" binds" strongly." Thus," upon" cleavage,"
dissociation" of" the" nonsense" part" is" facilitated," resulting" in" preferential" cleavage" without"
significant"back"ligation."Due"to"the"low"binding"affinity"of"the"nonsense"fragment"(however"
strong"enough" that"cleavage"can"occur)" the"exchange"between"the"nonsense"and" the"pro;
functional" fragments" at" the" binding" site" is" promoted." This" however" requires" that" also" the"
pro;functional" fragments" do" not" bind" too" tightly" in" order" to" allow" dissociation" and"
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association"next" to"each"other" to"occur."Once"both"pro;functional" fragments"are"bound"to"
one" ribozyme," ligation" is" the" favoured" reaction" owing" to" the" strong" binding" of" both"
fragments" and" to" very" slow" dissociation," such" that" an" active" recombination" product" is"
emerging."
The" engineering" of" this" recombination" system" was" rather" challenging," since" a" single"
ribozyme"had"to"bind"two"different"RNA"substrates"equally"well,"catalyse"cleavage"in"the"first"
step," releasing" the" nonsense" part" and" recombining" the" two" pro;functional" parts." This"
required"finding"a"good"balance"between"dissociation"of"one"of"the"pro;functional"parts"from"
one" ribozyme"molecule"and" re;association"with"another" ribozyme"molecule" in"order" to"be"
ligated"to"the"pro;functional"part"located"there."Thus,"a"key"aspect"of"design"was"tuning"the"
lengths" of" individual" helices" of" ribozyme;substrate" complexes." According" to" the" hairpin"
ribozyme"consensus"structure,"helix"1"needs"to"consist"of"four"base"pairs"or"longer,"and"helix"
2" is" required" to" have" exactly" four" base" pairs." This" restriction"made" it" difficult" to" create" a"
discriminating"binding"site"for"one"of"the"substrates." In"addition,"a"four"base"pair"helix"2" is"
presumably"too"weak"for"the"pro;functional"part"to"undergo"proper"ligation."Therefore,"we"
integrated"a"fifth"helix,"thus"creating"a"three"way"junction"hairpin"ribozyme"(compare"Fig."3);"
only" the" substrate" with" the" pro;functional" part" at" the" 5’;end" is" bound" to" this" three;way"
junction." As" a" side" effect," the" additional" base" pairs" formed" in" helix" 5" not" only" make"
dissociation" of" the" required" fragment" less" favourable," but" also" enhance" overall" ribozyme"
efficiency"by" facilitating" the" formation"of" the"active"conformation" (Welz"et"al."2001)."Since"
the" length" of" helix" 1" and" 5" is" not" limited," the" extension" of" the" duplex" formed" between"
ribozyme" and" the" two" pro;functional" fragments" would" increase" ligation" tremendously."
However," this"would"also"add" to" the"problem"of"product" inhibition,"which"due" to" strongly"
hampered" product" dissociation" would"make" fragment" exchange" less" probable" and" inhibit"
multiple" turnover" reaction." Furthermore," if" the" recombination" product" cannot" dissociate"
from"the"ribozyme," its" functionality"cannot"be"exploited,"and"successful"a"reaction"cascade"
to" recombination" cannot" be" verified." Taking" all" these" considerations" together," one" can"
conclude"that"the"lengths"of"helices"between"substrates"and"ribozyme,"and"with"it,"binding"
affinity"of"substrates,"intermediates"and"final"products"determines"the"efficiency"of"fragment"
exchange" and" the" preference" for" cleavage" or" ligation." Therefore," it" has" to" be" carefully"
adjusted."
We"approached"this"challenging"part"of"the"design"in"a"retro"synthetic"way."We"started"with"
the"design"of"the"functional"recombination"product"(a"trans;acting"hammerhead"ribozyme;"
also"quite"variable"in"sequence)" inserting"in"a"non;conserved"region"the"required"sequence"
AGUC"for"cleavage"by"the"hairpin"ribozyme."The"ribozyme"binding"domain"was"designed"for"
optimal" binding" of" the" recombination" product" with" minimal" structural" distortion" of" the"
overall" system."We"continued"with"the"design"of" the"educts" (the"two"RNA"strands"without"
function"at"the"beginning"of"the"reaction"chain)"on"the"basis"of"the"prior"defined"binding"site."
Since" the" nonsense" part" of" one" substrate" had" to" bind" weaker" as" compared" with" its" pro;
functional" counterpart" in" the" other" substrate," the" aforementioned" considerations"
(mismatches," GU" wobble" pairs," shortening" of" helix" lengths)" were" taken" into" account."
Nevertheless," it"was"necessary"to"achieve"a"sufficiently"strong"binding"capacity," in"order"to"
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ensure"formation"of"a"catalytically"competent"structure"and"substrate"cleavage"(4"bp"in"helix"
1" and" 2)." Furthermore," undesired" interactions" of" the" ribozyme" or" the" substrates"with" the"
RNAs"in"the"system"had"to"be"limited"to"an"insignificant"amount."If"the"defined"preconditions"
couldn’t"be"met"by"the"designed"structure,"we"went"back"to"the"recombination"product"and"
the" substrate" binding" site," and" re;designed" their" sequence" and" length," if" necessary" going"
through" iterative" cycles" of" design" and" theoretical" verification." Since" recombination" should"
proceed"in"a"one;pot"reaction,"the"two"initial"ribozyme"substrate"complexes"were"designed"
to"have"free"energy"values"as"close"as"possible,"and"to"efficiently"cleave"both"substrates" in"
order" to" deliver" sufficient" amounts" of" pro;functional" fragments" for" recombination." This"
required" further"adjustment"of" the"prior"designed" sequences,"however" still" considering"all"
the" aforementioned" conditions." At" the" end" of" the" design" process," we" have" successfully"
engineered" a" hairpin;ribozyme" based" recombination" system" composed" of" two" substrates"
and"one"ribozyme"(Fig."5),"which"perform"recombination"with"high"yield"(Hieronymus"et"al."
2016).""
"
"
5)) Summary)
Engineering"of"nucleic"acid"catalysts"by"rational"design"is"a"powerful"tool"with"potential"for"
application." However," it" can" be" a" very" challenging" task," requiring" to" pay" attention" to" a"
number"of" factors"associated"with" sequence"adaptation," folding" "and"active"conformation,"
and"reaction"equilibria."Usually,"engineering"starts" from"a"precursor"ribozyme"or"DNAzyme"
with"known"catalytic" features."As"discussed" in" the"chapters"above,"one"of" the"key" steps" is"
adaptation"of"the"ribozyme"sequence"to"recognize"a"defined"target,"thereby"taking"care"that"
acitivity" stays" undamaged." Substrate" association" and" dissociation" processes" may" be"
influenced"by"variation"of" the" lengths"of"substrate"binding"domains,"again" taking"care" that"
the" ribozyme/DNAzyme" is" still" able" to" fold" into" the" required" active" conformation."
Furthermore," structural" modulation" of" the" chosen" precursor" enzyme" can" be" used" to"
influence" the" reaction" equilibrium," e.g." as" discussed" above" for" the" hairpin" ribozyme,"
structural"stabilization"would"favore"ligation,"whereas"destabilization"would"favor"cleavage."
A"number"of"tools"are"avilable"to"aid"rational"design,"in"particular"software"and"platforms"for"
theoretical"prediction"of"nucleic"acid"secondary"structures"that"may"help"to"guide"sequence"
design." As" one" of" the" most" important" prerequisits" for" engineering," the" structure" and"
mechanistic" properties" of" the" nucleic" acid" that" design" starts" from"need" to" be" known." The"
more" data" is" available," the" higher" is" the" chance" for" successful" design." Nowadays," this"
prerequisite" is"met" by" a" number" of" nucleic" acids."Many" of" the" ribozymes" and" DNAzymes"
known"today"have"been"understoud"to"a"level"that"allows"to"turn"them"into"useful"tools."
"
)
)
)
)
)
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Design and Characterization of a Twin Ribozyme for
Potential Repair of a Deletion Mutation within the
Oncogenic CTNNB1-DS45 mRNA
Darko Balke,[a] Irene Zieten,[b] Anne Strahl,[a] Oliver M!ller,[c] and Sabine M!ller*[a]

Introduction

Therapeutic nucleic acids such as DNAzymes, small interfering
RNAs (siRNAs), and trans-cleaving ribozymes have been shown
to be capable of inhibiting undesired gene expression by
cleavage of a particular target sequence.[1] This is a useful strat-
egy if expression of the individual gene results in a pathogenic
protein associated with a specific disease. However, this
method is ineffective if expression of disordered genes, ac-
counting, for example, for a number of hereditary diseases, de-
livers nonfunctional proteins. An option to interfere with ex-
pression of disordered genes is alteration of the messenger
RNA (mRNA) sequence at the level of pre-mRNA splicing by
using antisense oligonucleotides.[2] Although this technique
has been shown to be a suitable strategy for the treatment of
diseases such as Duchenne muscular dystrophy,[3] the direct re-
storation of the defective genetic information is a more univer-
sal and powerful strategy. As such, spliceosome-mediated RNA
trans-splicing (SMaRT)[4] and trans-splicing group I intron ribo-
zymes[5] have found application for mRNA repair. More recently,

another method was reported that takes advantage of an ade-
nosine deaminase–oligonucleotide conjugate that directs the
enzyme to a defined target sequence, and it is thus capable of
selectively deaminating a chosen adenosine moiety.[6] This
strategy has potential for therapeutic application. However, it
is limited to adenosine-to-inosine editing within the target
RNA and, thus, merely allows the repair of guanine (G)!ade-
nine (A) point mutations.

Previously, we introduced twin ribozymes as potential tools
for the repair of small deletions, insertions, or base replace-
ment mutations at the level of RNA.[7] Our strategy is advanta-
geous over spliceosome and intron I mediated trans splicing
that require the exchange of large RNA stretches, because it
allows the patchwise repair of genetic disorders transcribed
into RNA. Twin ribozymes are derived from tandem duplication
of the hairpin ribozyme and thus consist of two catalytic enti-
ties. Twin ribozymes mediate two chain cleavage reactions and
two ligation events in a strictly controlled fashion. Thus,
a short patch of RNA can be cut from a suitable RNA substrate
followed by ligation of a separately added oligonucleotide of
correct sequence into the gap left behind. Given that binding
of the repair oligonucleotide competes with re-association of
the removed fragment, binding of the external oligonucleotide
must be preferred. This can be achieved by destabilization of
the twin ribozyme–substrate complex, that is, by bulges or
mismatches in the central part in which the segment to be re-
moved is located. Thus, upon cleavage, it can easily dissociate
from the ribozyme through the destabilizing influence of the
bulged or mismatched nucleotides. The externally added
repair oligonucleotide should form a continuous duplex with
the ribozyme to be bound preferentially. Given that ligation is
faster than cleavage,[8] the tightly bound repair oligonucleotide
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RNA repair is an emerging strategy for gene therapy. Conven-
tional gene therapy typically relies on the addition of the cor-
rected DNA sequence of a defective gene to restore gene
function. As an additional option, RNA repair allows alteration
of the sequence of endogenous messenger RNAs (mRNAs).
mRNA sequence alteration is either facilitated by intracellular
spliceosome machinery or by the intrinsic catalytic activity of
trans-acting ribozymes. Previously we developed twin ribo-
zymes, derived from the hairpin ribozyme, by tandem duplica-
tion and demonstrated their potential for patchwise RNA

repair. Herein we describe the development of such a twin ri-
bozyme for potential repair of a deletion mutation in the onco-
genic CTNNB1-DS45 mRNA. We demonstrate that hairpin ribo-
zyme units within the twin ribozyme can be adapted to effi-
ciently cleave/ligate non-consensus substrates by introduction
of compensatory mutations in the ribozyme. Thus, we show
the twin ribozyme mediated repair of truncated CTNNB1 tran-
scripts (up to 1000 nt length). Repair of the entire CTNNB1-
DS45 mRNA, although apparently possible in general, is ham-
pered in vitro by the secondary structure of the transcript.
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is ligated as long as dissociation is slow. Depending on the
specific design of the twin ribozyme–substrate complex, short
fragments can be exchanged for longer ones,[7d] or vice
versa,[7a] as well as for fragments of the same length.[7c] Possible
off-target effects remain to be determined. However, we have
so far not observed such side effects in twin ribozyme experi-
ments performed in vitro. In particular, we have conducted
twin ribozyme repair reactions of a specific substrate diluted
with yeast RNA. Exclusively, the expected products resulting
from cleavage of the cognate substrate followed by single site
and double ligation were detected.[9] This indicates that the
repair oligonucleotide was not incorporated into yeast RNA, al-
though we cannot completely rule out that nonspecific cleav-
age occurred. Our data obtained so far qualify twin ribozymes
as potential tools for the repair of short deletions, insertions,
or base replacement mutations at the transcript level, which
allows modulation of genetic information and, moreover, phe-
notypic correction of genetic disorders at the level of mRNA.

The oncogenic CTNNB1-DS45 mRNA containing an in-frame
deletion of codon 45 (DUCU) was used as a first model for
twin ribozyme mediated correction of a genetically relevant
mutation and to demonstrate the potential of the twin ribo-
zyme strategy for therapeutic repair. This was mainly motivat-
ed by our experience with the CTNNB1 RNA and the availability
of plasmids and assays for characterization. After this initial

demonstration of twin ribozyme mediated repair of a genetical-
ly relevant RNA substrate, the strategy should be extended to
more relevant targets such as the cystic fibrosis transmem-
brane conductance regulator (CFTR) transcript.[10]

The CTNNB1 gene encodes the protein b-catenin, which
plays a key role in the canonical Wnt signaling pathway.[11] In
this process, serine 45 serves as phosphorylation site, and mu-
tation or the absence of this amino acid is associated with
cancer-cell development and progression.[11f, 12] Herein, we de-
scribe the development of a twin ribozyme mediating the ex-
change of an internal 13-mer fragment of the CTNNB1-DS45
mRNA for a 16-mer repair oligonucleotide containing the three
nucleotides UCU (coding for serine 45) that are missing in the
mutated transcript (Figure 1).

Results and Discussion

Twin ribozyme design

The prototype of a twin ribozyme was developed by rational
design by taking into account the specific sequence require-
ments of the hairpin ribozyme.[7d] Natural mRNAs such as the
oncogenic CTNNB1-DS45 mRNA require tailored twin ribo-
zymes for processing of a specific sequence part. The hairpin
ribozyme offers some sequence flexibility ; however, it requires

Figure 1. a) Twin ribozyme mediated repair of a three-base deletion mutation within the CTNNB1-DS45 mRNA. The 16-mer repair oligonucleotide is internally
labeled with ATTO680 (gray circle). b) Scheme of the CTNNB1-DS45 mRNA. The twin ribozyme binding site (116–158) corresponds to the sequence of the
model substrate S-CTNNB1.
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several conserved bases within the substrate part surrounding
the cleavage/ligation site (Figure 2 a, b).[13] The presence of
a guanosine in the 3’-position to the cleavage/ligation site is
highly essential ; mutation of this G + 1 to any other base was
reported to inhibit the reaction.[13d, g, 14] Therefore, we chose
two processing sites in the oncogenic CTNNB1-DS45 mRNA
that contain the essential G + 1, and we adapted the remaining
sequence of the twin ribozyme to specifically bind to the de-
fined region of the transcript. Apart from G + 1, other nucleo-
base substitutions within loop A may be critical for activity.[13c, d]

For the 5’ unit of the twin ribozyme, A + 4, A + 3, and U!2
differ from the postulated consensus sequence (Figure 2 c).
However, we have shown previously that compensatory muta-
tions in the ribozyme strand (G6!U and A7!U) restore activi-
ty, which thus generates a functional hairpin ribozyme.[15]

Therefore, we used the hairpin ribozyme sequence shown in
Figures 1 and 2 c as a twin ribozyme 5’ unit.

The critical base in loop A of the 3’ unit is C + 2, which ac-
cording to the consensus sequence should be U (Figure 2 b, d).
Indeed, a U + 2!C mutation previously was found to dramati-
cally decrease cleavage activity of the wild-type hairpin ribozy-
me.[13a, 14b] Nevertheless, encouraged by our previous results,[15]

we decided to look for compensatory mutations in the ribo-
zyme that would restore activity for C + 2 substrates. Having
found a suitable 3’-hairpin ribozyme unit, it should be com-
bined with the previously designed 5’ unit[15] (Figure 2 c) into
a twin ribozyme for repair of the CTNNB1-DS45 transcript.

The twin ribozyme was termed HP-TW-anti-CTNNB1-DS45;
HP is an acronym for hairpin ribozyme, TW indicates the twin
ribozyme nature, and anti-DS45 CTNNB1 denotes the RNA
target to be processed (Figure 1). Upon binding of the sub-
strate, three nucleotides in the ribozyme strand are looped
out, which promotes dissociation of the 13-mer fragment pro-
duced upon cleavage and preferred binding of the incoming
repair oligonucleotide. The repair oligonucleotide forms a con-
tinuous helix with the ribozyme, which makes ligation the
dominant reaction. As a result, the 13-mer sequence patch
missing the S45 codon would be exchanged for a 16-mer
repair oligonucleotide containing the nucleotide triplet UCU.

A hairpin ribozyme targeting a 5’-AflGCU-3’ site

According to the designed twin ribozyme, the sequence of the
CTNNB1-DS45 mRNA to be processed by the 3’ unit is 5’-
A!1flG+ 1C+ 2U+ 3-3’ (Figures 1 and 2 d). As mentioned above,
apart from the cytidine at position + 2 all other bases meet
the sequence requirements of the wild-type hairpin ribozyme
(Figure 2 b, d). Previously, hairpin ribozymes that can cleave 5’-
NflGCU-3’ sites were identified by in vitro selection.[16] A char-
acteristic feature of those ribozymes is a single G8!U substi-
tution in the ribozyme part constituting loop A. This finding
agrees with the fact that in the wild-type ribozyme G8 makes
a defined interaction with U + 2.[17] Therefore, it is plausible
that the inhibiting effect of substitutions at position + 2 in the
substrate may be neutralized by compensatory mutations at
position 8 in the ribozyme strand. To study both cleavage and
ligation at the 5’-A!1flG+ 1C+ 2U+ 3-3’ site, we designed four hair-
pin ribozyme variants derived from the wild-type sequence
but differing in the base at position 8 (Figures 3 a and 4a). The
cleavage and ligation properties of these four variants were
investigated (Figures 3 b, c and 4b).

Cleavage analysis

Cleavage reactions were analyzed for all four N8 hairpin ribo-
zymes by using a 17-mer model RNA substrate corresponding
to the CTNNB1-DS45 mRNA sequence including the 5’-A!1flG+

1C+ 2U+ 3-3’ site. The substrate was labeled with ATTO680,
which allowed the reaction to be followed by electrophoresis
with a LICOR DNA sequencer, as described previously.[15] The
substrate forms a complex of nine and four base pairs, separat-
ed by loop A, with the ribozyme. Upon cleavage, the 5’-cleav-
age product is immediately released, such that back ligation
can be neglected in kinetic analysis. The results of this study
are shown in Figure 3 b, c. The ribozyme with U at position 8,
and clearly to a lesser extent the ribozymes with A8 and C8,
were able to cleave the substrate, whereas the G8 ribozyme
did not promote the reaction. The maximal product yield for
the U8 ribozyme was (96"5) % (Figure 3 c, Table 1). In contrast,
only 2–3 % of the substrate was cleaved by the A8 and C8 ribo-
zymes. The single-turnover cleavage rate constant could be de-
termined only for the U8 ribozyme by using 30-fold excess ri-
bozyme over substrate. The observed cleavage rate constant
(kcleav) of (0.0017"3 ! 10!5) min!1 (Table 1) is approximately 120
times lower than that of the wild-type hairpin ribozyme,[18] and
it is consistent with kcleav = 0.0012 min!1 determined previously
for an analogous hairpin ribozyme variant.[16]

A possible explanation for the activity loss of the G8 ribo-
zyme variant may be found in the functional interaction of the
nucleobases at positions 8 and + 2. As follows from the crystal
structure of the hairpin ribozyme, the Watson–Crick edge of
G8 is involved in interactions with the sugar residue of N!1,
the scissile phosphate, and the nucleobase of N + 2. In particu-
lar, the heterocyclic nitrogen N1 atom of G8 is in hydrogen-
bond distance to the 2’-OH group of A!1. Furthermore, the
exocyclic amine forms H-bonds to one of the non-bridging
oxygen atoms of the scissile phosphate and, very importantly,

Figure 2. Substrate sequence surrounding the cleavage/ligation site of a) the
wild-type hairpin ribozyme in comparison with b) the consensus sequence
as postulated by Berzal-Herranz[13c, 13d] and to sequences corresponding to
c) the 5’ unit and to d) the 3’ unit of the CTNNB1-DS45 mRNA–twin ribozyme
complex. Nucleotides aberrant to the consensus sequence are marked with
bold letters.
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to the O4 carbonyl group of U + 2. Replacing U + 2 with cyti-
dine as in the substrate herein investigated would interrupt
this functional H-bond interaction, because the uridine keto
group as the H-bond acceptor is now replaced with the amino
group of cytidine as the H-bond donor. Replacement of G8
with uridine restores this functional H-bond interaction, now
between the exocyclic amine of C + 2 and the O2 carbonyl
group of U8. In addition, U8 having a Watson–Crick edge simi-
lar to that of guanosine can form one of the H-bonds to either
the 2’-OH of A!1 or the scissile phosphate. Thus, a possible
role of the nucleobase at position + 2 is to hold N8 in place
for catalysis, which in the wild-type hairpin ribozyme is fulfilled
by interaction of U + 2 with G8 and in the ribozyme variant by
interaction of C + 2 with U8.

Ligation analysis

The ligation activity of the four hairpin ribozyme variants was
tested by using the 3’ overhang as an extended substrate
binding domain (Figure 4 a). Upon binding of the ligation sub-
strates, a three-way junction structure with an additional
helix 5 is formed. Thus, dissociation is hampered and frag-
ments are tightly bound to favor ligation. Ligation activity was
observed for all four hairpin ribozyme variants (Figure 4 b). This
is surprising, because cleavage activity was clearly detected
only for the U8 ribozyme (Figure 3, Table 1). Single-turnover li-
gation kinetics delivered the parameters shown in Table 1. The
U8 ribozyme with a ligation rate constant (klig) of 0.076 min!1 is
the fastest of the four variants, whereas the C8 ribozyme ach-
ieves the highest ligation yield (57 %), although its klig value is
sevenfold lower than that of the U8 variant. The A8 ribozyme
shows moderate ligation, and activity is dramatically decreased
in the G8 variant (Figure 4 b and Table 1). The phenomenon
that the A8, C8, and G8 ribozymes catalyze ligation but are
nearly inactive in catalysis of the corresponding cleavage reac-
tion may be attributed to the distinctly stable ribozyme–sub-
strate complexes used in the cleavage and ligation reactions.
Cleavage experiments were studied with ribozyme–substrate
complexes having a 9 bp helix 1 and a 4 bp helix 2 and form-
ing a two-way junction structure (Figure 3 a). The loss of func-
tional hydrogen bonds at the active site as explained above
clearly renders the folded structure insufficiently stable for cat-
alysis. On the contrary, ligation activity was measured with ri-
bozyme–substrate complexes having an extended substrate
binding arm and thus forming a three-way junction structure

Figure 3. a) Hairpin ribozyme variants with N = A, C, G, or U for cleavage of a 5’-A!1flG+ 1C+ 2U+ 3-3’ site. Hairpin ribozymes were designed to form a two-way
junction motif with the 17-mer substrate corresponding to the sequence surrounding the 3’-twin ribozyme unit. Cleavage (indicated by arrow) allows rapid
dissociation of the 5’ product, such that back ligation is insignificant. The substrate was labeled with ATTO680 (gray circle) at the 3’ terminus for detection on
a DNA sequencer. b) LICOR gels for analysis of cleavage reactions. The upper band corresponds to the intact substrate, the lower band to the cleavage prod-
uct. c) Time course of the U8 ribozyme mediated cleavage reaction at ribozyme excess. Error bars represent "SD of n = 3 experiments.

Table 1. Single-turnover rate constants of assayed hairpin ribozyme var-
iants.

Ribozyme Cleavage Ligation
kcleav [min!1][a] Amplitude[b] klig [min!1][c] Amplitude[d]

A8 ND ND 0.036"0.001 0.37"0.013
C8 ND ND 0.011"0.001 0.57"0.014
G8 ND ND 0.004"0.001 0.13"0.004
U8 0.0017"3 ! 10!5 0.96"0.05 0.076"0.002 0.35"0.013

[a] Corresponds to the kobs,cleav value at 30-fold excess ribozyme over sub-
strate. [b] Maximal cleaved product fraction with 30-fold excess ribozyme
over substrate. [c] Corresponds to the kobs,lig value at 50-fold excess ribo-
zyme and 5’-ligation substrate over 3’-ligation substrate. [d] Maximal li-
gated product fraction with 50-fold excess ribozyme and 5’-ligation sub-
strate over 3’-ligation substrate. ND = not determined.
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(Figure 4 a). The additional stabilization gained from the three-
way junction apparently can compensate for the loss of func-
tional interactions between N8 and C + 2 in the active site and,
therefore, allows ligation to proceed. On the basis of these
results, the U8 ribozyme was chosen for integration into a twin
ribozyme.

Twin ribozyme mediated repair of a CTNNB1-DS45 mRNA
model substrate

The two separately developed hairpin ribozyme units (Ref. [15]
and U8 ribozyme) were combined into one molecule constitut-
ing twin ribozyme HP-TW-anti-CTNNB1-DS45. The repair reac-
tion was performed by using equimolar amounts of the twin
ribozyme, the 49-mer model substrate S-CTNNB1, and the in-
ternally ATTO680 labeled 16-mer repair oligonucleotide RS-
CTNNB1 containing the deleted UCU codon (Figure 1). After
suitable time intervals, samples were taken, and the reaction
was stopped by the addition of buffer containing 7 m urea. Li-
gation products were separated by denaturing polyacrylamide
gel electrophoresis (PAGE) with a LICOR DNA sequencer. Bands
corresponding to products from a single site ligation (29-mer
and 39-mer) were visible after 2 min (Figure 5 a). The 52-mer
repair product resulting from ligation at both sites was detect-
able after 30 min and further accumulated over 8 h. Computer-
assisted determination of the band density allowed the time
course of the reaction to be followed (Figure 5 b). After 8 h, ap-
proximately 30 % of the original substrate was converted into
the repaired RNA.

Twin ribozyme mediated repair
of a DS45 deletion mutation
within the CTNNB1-DS45 mRNA

By using S-CTNNB1 as the model
substrate, it could be shown
that the twin ribozyme HP-TW-
anti-CTNNB1-DS45 mediates the
repair of a three-base-deletion
mutation. Subsequently, repair
of the full-length transcript was
performed with a fivefold excess
of the CTNNB1-DS45 mRNA and
twin ribozyme over the amount
of the repair oligonucleotide to
ensure that each repair oligonu-
cleotide binds to a twin ribo-
zyme complex and is used for
repair reaction. This strongly im-
proves detection of repair prod-
uct formation relative to that of
equimolar concentrations of all
three components, as used in
the previous experiment
(Figure 5). The expected prod-

ucts resulting from exchange of the mutated sequence patch
for the dye-labeled repair oligonucleotide are the 2352 nt
repair product, the 148 nt 5’-single-ligation product, and the
2220 nt 3’-single-ligation product. However, as a result of the
repair reaction only two rather than three of the expected
bands could be detected (Supporting Information, Figures S1
and S2). Taking into account the repair reaction of the model
S-CTNNB1 substrate, 3’-single ligation took place faster than 5’-
single ligation and final product formation. Thus, the upper
band of the repair reaction with the use of the full-length tran-

Figure 4. a) Hairpin ribozyme variants with N = A, C, G, or U for ligation of a 5’-A<M->1flG+ 1C+ 2U+ 3-3’ site. Binding
of both ligation fragments leads to the formation of a three-way junction ribozyme that favors ligation. The arrow
marks the ligation site. The 3’-ligation substrate was labeled with ATTO680 (gray circle) at the 3’ terminus for de-
tection on a DNA sequencer. b) Time course of the ligation reactions at ribozyme excess.

Figure 5. Twin ribozyme mediated fragment exchange within the model
substrate S-CTNNB1. The 16-mer repair oligonucleotide is internally labeled
with ATTO680 (gray circle). a) LICOR gel: ligation fragments are schematically
assigned to the observed bands. Double bands correspond to random nu-
cleotide additions at the 3’ end of in vitro transcribed RNA. b) Time course
of the repair reaction. Error bars represent !SD/ of n = 3 experiments.
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script is more likely the 3’-single-ligation product rather than
the full-length repair product. Furthermore, formation of de-
tectable amounts of the full-length repair product would be
too early after 10–30 min.

A possible reason for the absence of the repair product is
the size and the complex structure of the CTNNB1-DS45 tran-
script. Formation of single-ligation products equal to or even
in excess of the full-length repair product has been observed
in twin ribozyme reactions with short substrates (Figure 5 and
Ref. [7c, d]). Dissociation of the fragments required for ligation
with the repair oligonucleotide competes with the ligation re-
action. If the fragments that are produced upon initial cleavage
have a high potential for intramolecular folding, ligation would
be even more hampered. Secondary structure prediction re-
vealed that the binding site for the twin ribozyme (116–158 nt)
may be blocked by intramolecular interactions within the
mRNA. Additionally, formation of a complex tertiary structure
of the mRNA may further block access to the binding site.
Given that two ligation products but no repair product were
observed, it is possible that only one half of the entire binding
site was accessible for the twin ribozyme at a time. Alternative-
ly, one might assume that upon cleavage at one of the two
sites one of the two produced fragments dissociates from the
ribozyme, such that only the respective single-site ligation can
take place for the remaining part. It could also be possible that
a conformational change takes place upon single-site ligation,
and this would inhibit further ligation at the second site. To
find out whether the mRNA structure has an influence on the
success of the double ligation, repair reactions with truncated
transcripts were performed and compared with the results
obtained with the full-length transcript.

Repair reaction with the truncated CTNNB1-DS45 mRNA
substrates

The twin ribozyme binding site within the CTNNB1-DS45
mRNA spans the region from nucleotide 116 to 158 (Fig-
ure 1 b), and it is thus located relatively close to the 5’ termi-
nus. Therefore, we assumed that the rather long 3’ terminus
downstream of the ribozyme binding site is responsible for the
complex structure formation inhibiting functional repair. This
assumption was further confirmed by structure prediction,
which showed that the 3’-terminal part of the transcript is in-
volved in interactions with the 116 to 158 region rather than
the relatively short 5’ terminus. Hence, gradual shortening of
the 3’ terminus would reveal the length of the CTNNB1-DS45
transcript to which product formation is possible.

For the preparation of truncated mRNA substrates, short-
ened CTNNB1-DS45 DNA templates were generated by PCR by
using one forward primer and different reverse primers. Subse-
quently, DNA was transcribed in vitro into RNA to generate
substrates CTNNB1-DS45-200 (198 nt), -500 (503 nt), -1000
(1003 nt), and -2000 (2010 nt), which exclusively differ in the
length of the 3’ end (Figure S1). With substrates CTNNB1-DS45-
200, -500, and -1000, repair was successful (Figure S2). Howev-
er, the product yield was very low relative to that of the short
model substrate S-CTNNB1. After 8 h, 6 (CTNNB1-DS45-200), 4

(CTNNB1-DS45-500), and less than 1 % (CTNNB1-DS45-1000)
repair product was obtained (Table 2). Repair of CTNNB1-DS45-
2000 and of the full-length mRNA was not observed (Fig-
ure S2). This result implies that secondary and tertiary structure
formation of the CTNNB1-DS45 mRNA impedes the repair reac-
tion. Product formation decreases with increasing length of
the substrate RNA, which is the highest with the short 49-mer
model substrate S-CTNNB1 (31 %), and is not detectable with
CTNNB1-DS45-2000 and the full-length transcript.

With the aim of trying to inhibit detrimental secondary
structures, we again performed repair reactions with all sub-
strates mentioned above, but now in the presence of antisense
oligonucleotides (asONs). asONs were designed to bind down-
stream from the ribozyme binding site to prevent secondary
and tertiary structure formation within the 3’ half of the sub-
strate (Tables S1 and S2). Unfortunately, the presence of asONs
did not visibly enhance the repair reaction (Table 2 and Fig-
ure S3). Further experiments with the CTNNB1-DS45 mRNA by
using additional asONs that were designed to flank the ribo-
zyme binding site (Tables S1 and S2) to facilitate access of the
ribozyme to the mRNA also did not deliver any repair product.
These results indicate that the ribozyme target site within the
CTNNB1-DS45 mRNA, or at least part of it, is buried in the
folded structure.

SHAPE

To further evaluate the hampering influence of the CTNNB1-
DS45 RNA structure on the repair reaction, we conducted
SHAPE assays by using the full-length transcript and one of the
truncated substrates. SHAPE (selective 2’-hydroxy acylation an-
alyzed by primer extension) is a method for the determination
of RNA structures with accuracies of >95 %.[19] It is based on
covalent modifications of RNA in a structure-dependent
manner (selective 2’-hydroxy acylation). Flexible nucleotides as
appearing in single-stranded regions, loops, or bulges react
more readily with an electrophilic SHAPE reagent to form a
2’-O-adduct than with nucleotides in highly structured regions.
The sites of the modification are then detected by primer ex-
tension. In particular, we examined the 5’ terminus of the
CTNNB1-DS45 mRNA containing the ribozyme binding site by
using 1-methyl-7-nitroisatoic anhydride (1M7) as the SHAPE re-
agent and a primer spanning nucleotides 174 to 198 for the

Table 2. Yields of twin ribozyme mediated repair reactions.

Substrate asONs Yield [%][a]

CTNNB1-DS45-200
! 6.2
+ 4.6

CTNNB1-DS45-500
! 4.0
+ 6.3

CTNNB1-DS45-1000
! 0.8
+ 0.5

[a] No products were detectable for CTNNB1-DS45-2000 and for the full-
length transcript.
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following primer extension analysis (Figure S4 a). 1M7 is a fast-
reacting electrophile, and it allows a snapshot of the RNA
structure to be obtained.[20] Additionally, SHAPE was performed
with the truncated substrate CTNNB1-DS45-1000 (Figure S4 b)
and was compared with the full-length transcript to confirm
our hypothesis that starting from a particular mRNA length
repair is hampered by intrinsic structural elements of the RNA
substrate.

The obtained SHAPE reactivity data were implemented in
the RNA structure[21] for more precise prediction of the RNA
fold (Figure 6). As expected, part of the twin ribozyme binding
site seems to be involved in interactions with the 3’ end of the
full length CTNNB1-DS45 mRNA (area 1740–50 nt), which inte-
grates the twin ribozyme binding site into a complex structure
composed of a hairpin and a duplex. Therefore, the twin ribo-
zyme cannot easily bind to this region and mediate repair.
Clearly, the twin ribozyme can only temporarily compete with
intramolecular folding of either of the two processing sites,
such that single-site ligation products are observed, but repair
products that would require the collaborative processing at
both sites are not observed. The secondary structure of the
truncated RNA CTNNB1-DS45-1000 is less complex, and intra-
molecular base pairing in the twin ribozyme target region in-
volves fewer base pairs. Binding of the twin ribozyme may
occur relatively unhindered from the 5’ end, and upon denatu-
ration, intermolecular complex formation of the ribozyme with
the substrate, which is clearly thermodynamically preferred,
may successfully compete with intramolecular refolding of the
transcript.

Conclusions

Apart from insight into the applicability of twin ribozymes for
the repair of the CTNNB1-DS45 mRNA, our results confirm pre-
vious work on the restoration of hairpin ribozyme activity by
compensatory nucleobase exchanges in the ribozyme if sub-
strates differing from the hairpin ribozyme consensus se-
quence are processed.[15, 17] As investigated herein, substrates
with 5’-G!1flG+ 1C+ 2U+ 3-3’ sites, constituting one twin ribo-
zyme processing site on the CTNNB1-DS45 mRNA, are very
poorly cleaved/ligated by the wild-type hairpin ribozyme. How-
ever, activity could be regained by replacing G8 in the ribo-
zyme strand with U. The hairpin ribozyme variant described
herein was combined with a previously developed hairpin ribo-
zyme that cleaves/ligates 5’-G!1flG+ 1U+ 2A+ 3-3’ sites[15] into
a twin ribozyme targeting the CTNNB1-DS45 transcript. The
twin ribozyme HP-TW-anti-CTNNB1-DS45 was designed to
cleave and ligate the oncogenic CTNNB1-DS45 mRNA at two
defined positions, which thus mediated the exchange of an in-
ternal 13-mer RNA patch against an externally added 16-mer
repair oligonucleotide containing the S45 codon that is miss-
ing in the original substrate. Successful repair of a short model
substrate and truncated transcripts could be demonstrated,
and this shows that the twin ribozyme mediated repair of the
oncogenic transcript is basically possible. However, repair of
the full-length transcript was not successful. On the basis of
our activity assays with truncated substrates as well as on
structure-probing experiments, we interpret this result as an
indication of the involvement of the ribozyme binding site in
intramolecular interactions with the 3’-terminal part of the
transcript, which impedes twin ribozyme binding. This result
obtained in vitro is not necessarily indicative of the repair suc-
cess in vivo. Inside cells, mechanisms exist that contribute to

Figure 6. Secondary structure prediction of a) the CTNNB1-DS45 mRNA and b) the truncated transcript CTNNB1-DS45-1000 considering SHAPE reactivity data
for nucleotides 5–171. Binding site of the twin ribozyme: 116–158 nt. Gray letters indicate nucleotides not analyzed by SHAPE.
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unfolding of mRNAs, and thus target sites may be well accessi-
ble, even though in vitro assays come to a different conclu-
sion.[22] Apart from this, twin ribozyme action in cells might
suffer from low reactivity as well as from the limited concentra-
tion of free magnesium ions. Though, in previous experiments
we have seen that twin ribozyme action is less dependent on
magnesium ion concentration, allowing reaction also at
1 mm Mg2 + as well as in the complete absence of magnesium
ions, provided that the polyamine spermine is added.[9, 18] Nev-
ertheless, intracellular application of twin ribozymes will re-
quire further optimization.

Experimental Section

Substrate synthesis : Substrates used for cleavage and ligation
analysis as well as for repair reactions were chemically synthesized
on solid phase by using phenoxyacetyl (PAC)-protected phosphora-
midites (ChemGenes), Amino Modifier C-3 lcaa CPG (ChemGenes),
Amino dT (C6), and a Gene Assembler Special DNA synthesizer
(Pharmacia) as described previously.[23] PAC and cyanoethyl (CE)
protecting groups were removed at 65 8C with a 1:1 mixture of
32 % ammonia and 8 m methylamine in ethanol for 30 min. After
complete lyophilization, tert-butyldimethylsilyl (TBDMS) protecting
groups were removed in a 3:1 mixture of triethylamine trishydro-
fluoride and DMF for 1.5 h at 55 8C, and the reaction was stopped
with 25 vol % water. RNA was desalted and concentrated by buta-
nol precipitation. n-Butanol (20 mL) was added to the desalted
RNA solution. After precipitation overnight, the RNA was collected
by centrifugation and purified by denaturing PAGE.

Post-synthetic labeling with ATTO680 was performed by using
10 nmol amino-modified oligonucleotide in 0.2 m sodium hydrogen
carbonate (50 mL), pH 8.0, and ATTO680-NHS ester (ATTOTEC,
100 mg) in DMF (50 mL) for 3 h at room temperature followed by
ethanol precipitation and reverse-phase HPLC purification.

Generating RNA fragments with 2’,3’-cyclic phosphate termini :
The 16-mer repair oligonucleotide was obtained by DNAzyme 8–17
(5’-AAG AGG ATT CCA GCG GAT CGA AAC TCA GAG AAG GAG C-3’,
Purimex) mediated cleavage of a chemically synthesized 25-mer
substrate fragment S-FR-CTNNB1 (5’-GCU CCU (NH2-C6-dT)CU CUG
AGU GGU CCU CUU U-3’) containing the repair oligonucleotide se-
quence (underlined). DNAzyme, S-FR-CTNNB1, and Tris pH 7.5 were
mixed to an end concentration of 2 mm RNA, 400 nm DNAzyme,
and 40 mm Tris, and the mixture was heated for 2 min at 95 8C and
incubated for 15 min at 37 8C. Magnesium chloride was added to
an end concentration of 90 mm, and the reaction was performed
for 2 h at 37 8C. RNA was purified on a 10 % denaturing polyacryl-
amide gel, eluted from gel with 0.3 m sodium acetate pH 7.0 at
4 8C and precipitated with ethanol. The 13-mer 5’-ligation fragment
used for ligation analysis of the single hairpin ribozyme unit was
obtained by cleavage of a 22-mer RNA S-FR-CTNNB1–3 (5’-UGC
CAC UAC CAC AGU CCU CUU U-3’) with a hairpin ribozyme HP-
CTNNB1–4 (5’-GGG AGA AAG AGA GAA GUG GAC CAG AGA AAC
ACA CGU UGU GGU AUA UUA CCU GGU A-3’). RNA molecules and
Tris/HCl were mixed to an end concentration of 2 mm substrate,
400 nm ribozyme, and 10 mm Tris/HCl pH 7.4 and heated for 2 min
at 95 8C. After incubation for 15 min at 37 8C, MgCl2 was added to
an end concentration of 10 mm, and the reaction was performed
for 2 h at 37 8C. RNA was purified as described above.

Introduction of a three-base deletion into the CTNNB1 gene : A
three-base deletion was introduced into the full human b-catenin

complementary DNA (cDNA) of the plasmid pQE32-CTNNB1 by
site-directed mutagenesis. PCR was performed with primers (5’-
TGC CAC TAC CAC AGC TCC TCT GAG TGG TAA AGG CAA-3’ and
5’-TTG CCT TTA CCA CTC AGA GGA GCT GTG GTA GTG GCA-3’; Bio-
mers.net) containing the three-base deletion DTCT of codon 45.
The primers were diluted with 1 ! Pfu buffer (Roboklon) to give
a final concentration of 0.2 mm, then dNTPs (0.25 mm, Fermentas)
and pQE32-CTNNB1 (50 ng) were added, and the PCR was started
by the addition of PfuPlus! DNA polymerase (0.05 U mL!1, Robo-
klon). After initial denaturation for 5 min at 95 8C, the PCR followed
18 cycles of 0.5 min 95 8C denaturation, 1 min 58 8C primer anneal-
ing, and 7 min 72 8C elongation. After the final elongation (7 min),
DpnI (0.4 U mL!1, New England Biolabs) was added to the PCR prod-
uct mixture, which was then incubated at 37 8C for 2 h to degrade
parental plasmid DNA with wild-type sequence. The plasmid
pQE32-CTNNB1 DS45 was transformed into E. coli TG1 and isolated
by using the GeneJet Plasmid Miniprep Kit (Fermentas). The intro-
duction of the desired mutation was confirmed by sequencing.

Enzymatic RNA synthesis : The hairpin ribozymes, the twin ribo-
zyme, and the model RNA S-CTNNB1, as well as the CTNNB1-DS45
mRNA and its shorter variants were transcribed in vitro from
a double-stranded DNA template. The CTNNB1-DS45 DNA template
was obtained by linearization of the cDNA in pQE32-CTNNB1 DS45
by PCR. DNA templates of the ribozymes and the model RNA was
obtained by Klenow polymerase mediated fill-in reaction of two
synthetic primers overlapping at their 3’ ends (italicized) by using
(5’-CTG TAC TAA TAC GAC TCA CTA TAG GGA GAA GGA NAA GTG
GAC CAG AGA AAC ACA C-3’ and 5’-TGC CAC TAA GAT ACC AGG
TAA TAT ACC ACT AGC GAA CTA GTG TGT TTC TCT GGT CCA C-3’, Bi-
omers.net) for hairpin ribozymes, (5’-GCT TAC TAA TAC GAC TCA
CTA TAG GGA GAG GAT TGC CTT TGA AGC TCA CCA GAG AAA CAC
GAA TCT TCG GAT TCG GTA CAT TAC CTG GTA CCC-3’ and 5’-CTG
GTG CCA CTA AGA TAC CAG GTA ATG TAC CAC TAG CGA ACT AGT
GTG TTT CTC TGG TCC ACT TAT CCT TCT CTG GGT ACC AGG TAA
TGT ACC GAA TCC-3’, Biomers.net) for the twin ribozyme, and (5’-
GCT TAC TAA TAC GAC TCA CTA TAG GGA GAC TGG TGC CAC TAC
CAC-3’ and 5’-GGA TTG CCT TTA CCA CTC AGA GGA GCT GTG GTA
GTG GCA CCA GTC T-3’, Biomers.net) for the model RNA substrate.
Both primers were diluted with 1 ! Klenow buffer (50 mm Tris
pH 7.6, 10 mm MgCl2, and 50 mm NaCl) to obtain an end concen-
tration of 2 mm and were then heated for 2 min at 90 8C. After incu-
bation for 15 min at 37 8C, dNTPs (end concentration 0.5 mm, Fer-
mentas) and Klenow fragment, exo! (final concentration
0.05 U mL!1, Fermentas) were added, and the reaction was per-
formed for 30 min at 37 8C. DNA was recovered by ethanol precipi-
tation, purified on a 10 % native polyacrylamide gel, eluted from
gel with 0.3 m sodium acetate pH 7.0, and precipitated again with
ethanol. Transcription was performed in a solution with final con-
centrations of 1 mm DNA template, 1 ! 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) buffer [80 mm Na-HEPES pH 7.5,
12 mm MgCl2, 2 mm Spermidin, 40 mm dithiothreitol (DTT)] , 2 mm
each NTP (Fermentas) and 0.6 U mL!1 T7-RNA polymerase (Fermen-
tas) for 3 h at 37 8C. After the addition of DNase I and incubation at
37 8C for 30 min, RNA was precipitated with ethanol, purified on
a 10 % denaturating polyacrylamide gel, and eluted from gel with
0.3 m sodium acetate pH 7.0. Finally, the excess amount of salt was
removed by ethanol precipitation.

Cleavage kinetics under single-turnover conditions : For determi-
nation of kcleav, reactions were performed in 40 mL reaction volumes
with final concentrations of 25 nm substrate, 750 nm ribozyme,
40 mm Tris pH 7.5, and 10 mm MgCl2. To this end, substrate and ri-
bozyme were mixed separately in Tris and MgCl2 (final volume:
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20 mL), denaturated at 90 8C for 2 min, and incubated for a further
15 min at 37 8C. Reactions were started by mixing substrate and ri-
bozyme solutions. At suitable time intervals, aliquots (1 mL) were
taken, and the reaction was stopped in stop mix (19 mL, 7 m urea,
50 mm EDTA). Until analysis, the samples were held on ice. All reac-
tions were repeated at least three times. Samples were analyzed
with a 15 % PAGE by using a DNA Sequencer Long ReadIR 4200 (LI-
COR Bioscience), and data were processed with the Gene ImagIR
4.05 software. The fraction of cleaved substrate was plotted versus
time and fitted to the single exponential equation [Eq. (1)]:

!30P" # A$ %1&exp&kobs,cleav t' %1'

in which [3’P] is the product concentration, A represents the ampli-
tude, and t is the time. Standard deviations were less than 20 % in
each case. The obtained kobs value was equalized with kcleav.

Ligation kinetics under single-turnover conditions : Ligation reac-
tions were performed in 40 mL reaction volumes with 10 nm 3’-
fragment, 500 nm 5’-substrate, 500 nm ribozyme, 40 mm Tris/HCl
pH 7.5, and 10 mm MgCl2 final concentrations. Initially ribozyme
was denatured in Tris buffer for 2 min at 90 8C and incubated for
15 min at 37 8C. MgCl2 and the 5’-substrate were added stepwise,
whereby incubation for 15 min at 37 8C was allowed after each
step. The reaction was started by the addition of the 3’-substrate.
After defined time points, the reaction was stopped by transferring
the reaction mixture (1.5 mL) into stop mix (8.5 mL). Samples were
stored on ice until analysis. Ligation reaction was performed in the
same manner as that described for cleavage reactions. The fraction
of ligation product was plotted versus time. Data were fitted to
a single exponential equation [Eq. (2)]:

!P" # A$ %1&exp&kobs,lig t' %2'

in which [P] stands for the product concentration, A is the ampli-
tude, and t is the time. The obtained kobs value was equalized to
klig.

Repair reactions : The repair reaction of the model substrate S-
CTNNB1 was performed in 20 mL volumes with 100 nm twin ribo-
zyme, 100 nm substrate, 100 nm repair oligonucleotide, 40 mm
Tris/HCl pH 7.5, and 10 mm MgCl2. For the repair reaction of the
mRNA, end concentrations were 500 nm ribozyme, 500 nm mRNA,
and 100 nm repair oligonucleotide, and in the experiment with an-
tisense oligonucleotides (asONs, Table S2) 500 nm asONs. Tris
buffer, the twin ribozyme, the substrate, and the asONs were
mixed, heated for 2 min at 90 8C, and incubated at 37 8C for
15 min. After the addition of MgCl2, the mixture was incubated for
a further 15 min at 37 8C. The repair reaction was started with the
addition of the repair oligonucleotide and was performed for 8 h
at 37 8C. At defined time points, aliquots (1 mL) were taken, and the
reaction was stopped by the addition of stop mix (49 mL). Until
analysis with a LICOR-DNA sequencer, samples were kept on ice or
stored at &20 8C.

SHAPE experiment : SHAPE experiments were performed as de-
scribed by Deigan et al. ,[24] with the following modifications. RNA
(25 mg) was reconstituted in folding buffer (500 mL; 50 mm HEPES
pH 8.0, 200 mm potassium acetate pH 8.0, and 5 mm MgCl2), ali-
quotted (250 mL each), heated at 90 8C for 2 min, and further incu-
bated at 37 8C for 30 min. Then, 1:10 vol of 60 mm 1-methyl-7-
nitroisatoic anhydride (1M7) in DMSO or neat DMSO was added.
After 3 min at 37 8C, RNA was recovered by ethanol precipitation

and reconstituted in 1 ! TE (10 mm Tris pH 8.0, 10 mm EDTA) to
give a RNA concentration of 1 mg mL&1.

Primer extension : The DNA primer designed to span the twin ri-
bozyme binding site was named according to the product length
of the extended primer, SHAPE 198 CTNNB1: 5’-CTC ATA CAG GAC
TTG GGA GGT ATC-3’ (Biomers.net). At the 5’ end, the primer con-
tained the fluorescent dye ATTO680. For primer extension, DNA
primer (2.5 pmol) was added to the RNA solution (5 mg in 1 ! TE),
which was filled up with water to a volume of 6.5 mL and incubat-
ed at 65 8C for 5 min and at 45 8C for 5 min and then placed on
ice. Subsequently, primer extension was started by the addition of
enzyme mix (3 mL; 250 mm KCl, 167 mm Tris-HCl pH 8.3, 1.67 mm
dNTPs, 17 mm DTT, 10 mm MgCl2), RevertAid (0.5 mL, 200 U mL&1;
Fermentas), and performed at 45 8C for 1 min, at 52 8C for 7 min,
and then at 65 8C for 5 min. For the sequencing reaction, unmodi-
fied mRNA (4.8 mg) was used, which was diluted to 6 mL with
water, and then ddNTP solution (0.5 mL, 10 mm ; Jena Bioscience)
was added immediately before RevertAid. Primer extension was
quenched by ethanol precipitation (1:10 vol 3 m NaOAc pH 5.6 and
3 vol ethanol), washed with 70 % ethanol (3 !), and reconstituted
in deionized formamide (10 mL). The cDNA samples were resolved
on the DNA sequencer LICOR4300, and data processing was per-
formed by using Gene ImagIR 4.05. SHAPE reactivities were deter-
mined as described by Low and Weeks.[19]
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In vitro repair of a defective EGFP transcript and
translation into a functional protein†

Darko Balke, Aileen Becker and Sabine Müller*

Twin ribozymes mediate the exchange of a short patch of RNA against an exogenous oligonucleotide

within a suitable RNA substrate. Thus, twin ribozymes are promising tools for RNA repair, i.e. for the treat-

ment of genetic disorders at the mRNA level. A number of twin ribozyme-mediated RNA fragment

exchange reactions have been successfully demonstrated using short model substrates. Herein we show

for the first time a twin ribozyme-mediated in vitro repair of a full-length transcript and translation into a

functional protein. The system is based on the repair of a designed mutant EGFP mRNA containing the

four-base deletion ΔACTC (190–193). Upon twin ribozyme-mediated replacement of a patch of 15

nucleotides with an externally added repair oligonucleotide (19 mer) the wild type sequence of the EGFP

transcript could be restored with 32% yield. This is the first time that such a high twin ribozyme-mediated

repair yield, so far observed only for short model substrates, has been obtained for a full-length mRNA.

Translation of the repaired EGFP-ΔACTC mRNA produces functional EGFP, as detected by the restored

fluorescence.

Introduction
Over the past few decades nucleic acids have been increasingly
considered for therapeutic applications. Antisense RNA, DNA-
zymes, small interfering RNAs (siRNAs) and trans-cleaving
ribozymes are utilized to inhibit undesired gene expression of
therapeutically relevant targets.1–3 This strategy is very useful
for knockdown of pathogenic gene products. However, it
cannot be used to restore the function of proteins being
expressed from mutated genes. Knockdown of mutated genes
can provide relief of the symptoms of specific diseases, but it
is not suited for causal therapy of hereditary diseases (e.g.
cystic fibrosis or phenylketonuria), where the expression of dis-
ordered genes delivers nonfunctional proteins. However, in
recent years novel gene editing-based techniques, providing a
wide range of application, have been developed to overcome
that challenge of correcting disease associated mutations.4 In
particular, programmable nucleases, such as zinc finger
nucleases (ZFNs) or transcription activator-like effector nucleases
(TALENs), have shown promising properties here.5,6 As an
alternative to ZFNs and TALENs, another method for targeted
gene editing has emerged recently. The clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR associ-
ated protein (Cas) system has been discovered to act as a

bacterial adaptive immune defence mechanism that protects
bacteria against plasmids and phages.7–9 As such, CRISPR/
Cas9 is a programmable RNA-guided DNA endonuclease
system that has successfully been adapted to human cells in
such a way that it allows genome editing.10–14 Nonetheless,
there are still a number of challenges to be overcome, which
are associated with target site selection, guide RNA design,
optimal methods for delivery, nuclease specificity and
efficiency, off-target effects, and frequency of homology-
directed recombination.4,15 Alterations made by gene editing
are permanent and therefore not only allow the alleviation of
symptoms, but also to actually eliminate the cause of a particu-
lar disease. However, since the introduced changes within the
genome are permanent, the strategy also involves the risk of
worsening the situation by undesired editing events at off-
target sites. Hence, as long as it has not been proven that
these methods are sufficiently safe, alternative methods to
restore the correct information of disordered genes need to be
further investigated.

Repair at the level of RNA might be more appropriate,
because induced alterations of the RNA sequence would
be temporary. Accordingly, several strategies focusing on
mRNA repair such as spliceosome-mediated RNA trans-
splicing (SMaRT),16,17 or trans-splicing group I intron ribo-
zymes18,19 have been evolved to address this challenging task.
Repair of a chosen mRNA could also be achieved by using a
double-stranded 2!-O-methyl-RNA—unmodified-RNA-chimera
to induce a selective cut and subsequent repair.20 However,
the molecular mechanism still remains to be determined in

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6ob01043a

Ernst-Moritz-Arndt-Universität Greifswald, Institut für Biochemie, Felix-Hausdorff-
Str. 4, 17487 Greifswald, Germany. E-mail: smueller@uni-greifswald.de
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more detail to allow a broader application. Another promising
method that takes advantage of RNA deaminase-conjugates
has been reported more recently.21,22 Therein, a guide RNA
directs adenosine deaminase to a desired target site for
deamination. However, owing to the specificity of the enzyme,
this strategy is merely limited to the repair of guanine
(G) ! adenine (A) mutations. With the development of twin
ribozymes, our laboratory has also contributed to expanding
the toolbox for RNA sequence alteration.23

Twin ribozymes are derived from tandem duplication of the
hairpin ribozyme, and mediate two cleavage and ligation
events in a strictly controlled manner. Thus, twin ribozymes
are able to cut out a short RNA segment from a suitable RNA
substrate followed by twin ribozyme-mediated ligation of a sep-
arately added oligonucleotide into the gap left behind. Since
binding of this oligonucleotide competes with re-association
of the cut out fragment, a shift of the equilibrium towards
binding of the externally added oligonucleotide has to be
taken into account for the twin ribozyme design. This can be
achieved by adapting the twin ribozyme to the substrate RNA
in such a way that a destabilizing structure (e.g. mismatches or
bulges) is formed in the area of the sequence patch to be cut
out. In this way, the dissociation of the cut out fragment is pro-
moted, whereas the externally added oligonucleotide forms a
contiguous duplex with the ribozyme, and is preferentially
bound because of its favoured and more stable structure. This
flexible structure adaptability qualifies twin ribozymes as a ver-
satile molecular tool that can be used for site-specific fluoro-
phores and affinity labelling of suitable RNA substrates,24 or
more importantly, as a potential tool for the repair of short
deletions,23 insertions25 or base replacement mutations24 at
the transcript level. In order to verify that twin ribozymes can
be used for functional repair of a full-length transcript, we
have designed a mutated EGFP mRNA with a premature stop
codon. Upon translation, the truncated and therefore nonfunc-
tional versions of EGFP would be formed, associated with the
loss of fluorescence. Twin ribozyme-mediated RNA repair
would restore the reading frame of the mRNA, so that upon
translation, successful repair can be visualized by the restored
intrinsic EGFP fluorescence.

Results and discussion
Design of the twin ribozyme and mutated mRNA

A frameshift causing deletion was introduced into the EGFP
mRNA, which is to be repaired by the twin ribozyme (Fig. 1A).
To ensure that no functional EGFP can be formed independent
of twin ribozyme-mediated repair, the deletion was performed
in the sequence upstream of the nucleotide sequence encod-
ing the chromophore forming amino acids. The mutation site
was chosen to be flanked by two suitable cleavage/ligation
sites for the twin ribozyme. As a point of reference for screen-
ing the EGFP mRNA for suitable cleavage/ligation sites, the
consensus sequence 5!-Y!2N!1"G+1U+2Y+3B+4-3! (with N = A, C,
G or U; Y = C or U; B = C, G or U) was used, which has proven

to lead to reliable and successful ribozyme activity in hairpin
ribozyme engineering.26–28 Thus, the twin ribozyme
HP-TW-EGFP-ΔACTC was developed by rational design and
that consists of two hairpin ribozyme units in a three-way junc-
tion format that are connected into one molecule.23 For this
very reason, the twin ribozyme underlies the specific sequence
requirements of the hairpin ribozyme, which are characterized
by fully variable helical regions that are formed by substrate
binding. Likewise, the substrate RNA shows relatively high
sequence flexibility. Conserved nucleobases are located
within loop A and are essential for the formation of the cataly-
tically active structure as well as for active site chemistry
(Fig. 1B).29–34 Whereas most sequence deviations in this loop
may be critical but still tolerable for cleavage/ligation
activity,30,31,35 the presence of G+1 is indispensable.30,33,36,37

Another important requirement for the optimal twin ribo-
zyme-mediated sequence exchange is the length of the frag-
ment to be cut out. If the gap between the two sites is too
large, dissociation of the cut out fragment and consequently
the exchange for the repair oligonucleotide are hampered.
From our experience, a 12–18 nt long fragment to be cut out is
a good guideline to still ensure sufficient dissociation.23–25,27

Considering all these requirements, suitable cleavage/ligation
sites within the EGFP mRNA were identified. Nucleotides
190–193, located in between these two cleavage/ligation sites
were deleted, thus generating the deletion mutant (EGFP-
ΔACTC).

The four base deletion was chosen based on our previous
experience in twin ribozyme-mediated repair,23,24,38 and
because a four base deletion would cause a frame shift
mutation, such that translation into a functional protein is
prevented. The ribozyme–substrate complex is sufficiently

Fig. 1 A rational design of a twin ribozyme for the repair of a frameshift
mutation within the EGFP mRNA. (A) Scheme of twin ribozyme-
mediated RNA repair. (B) Sequence requirements of the hairpin ribo-
zyme at the cleavage/ligation site. Nucleotides differing from the con-
sensus sequence are marked with bold letters.
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destabilized by the four bases looped out in the ribozyme
strand at the site of the deletion in the substrate strand, to
ensure efficient cleavage and dissociation of the cut out RNA
segment. On the contrary, the repair oligonucleotide with four
additional base pairs formed in the complex with the ribozyme
is more tightly bound, such that ligation becomes preferred.
This design principle in all previous experiments has shown to
be an excellent driving force for repair, and thus was applied
in this work as well. Nevertheless, as will be described further
below, we have also tested a two base deletion mutant of EGFP.
Surprisingly, the repair was similarly efficient as compared
with the four-base deletion mutant. Apparently, even a differ-
ence of two base pairs is sufficient to drive the reaction into
the desired direction. Thus, as a general design rule, it is
important to take care that the twin ribozyme–product
complex is more stable than the ribozyme–substrate complex.
The number of looped out bases and thus the size of the bulge
seem to have only a minor effect.

Furthermore, as already mentioned above the sequence
requirements of the hairpin ribozyme need to be considered.
In our EGFP construct both cleavage/ligation sites contain a
single nucleobase deviation from the consensus sequence of
the hairpin ribozyme (Fig. 1B). In the 5!-unit of the potential
twin ribozyme, G+3 is at a position where a pyrimidine is
required, and in the 3!-unit A+4 also differs from the consen-
sus sequence. Nevertheless, A+4 in the substrate mRNA
pairing with U6 in the ribozyme sequence appears to have a
minimal influence on activity,26,27 even though the consensus
sequence defines the nucleotide at position 6 as not being U.32

Still, we decided to check again for a hairpin ribozyme corres-
ponding to the 3!-unit of the designed twin ribozyme, to
ensure that U6 in the ribozyme sequence is indeed tolerated.
Guanosine at the substrate position +3 is more critical and
expected to significantly reduce the activity.33 In the wild type
hairpin ribozyme, a cytidine at this position is involved in a
non-canonical base pair with A7.39 As we have demonstrated
previously, activity for N+3 substrate variants can be restored
by compensatory mutations of A7 in the ribozyme.26 In order

to evaluate the potential for cleavage/ligation at G+3 sites, we
have designed four hairpin ribozymes with either of the four
bases at position 7 (A7, C7, G7 and U7). The most suitable
ribozyme variant with the best cleavage/ligation activity should
then be used for the twin ribozyme design.

Cleavage and ligation analysis

Cleavage activities of all four N7 hairpin ribozymes and of the
U6 hairpin ribozyme were analyzed using the 20 mer cleavage
substrates (CS)-A (for N7 ribozymes) and CS-A! (for U6 ribo-
zyme) (Fig. 2A). The substrates were fluorescently labelled with
ATTO680 allowing the reaction to be analyzed by denaturing
polyacrylamide gel electrophoresis (PAGE) on a LICOR DNA
sequencer. Cleavage reactions were performed under single
turnover conditions. Assuming that upon substrate cleavage
the 5!-cleavage product (5 mer) is immediately released, re-
ligation can be neglected. Interestingly, CS-A was cleaved by all
four N7 hairpin ribozymes (Fig. 3), with HP-EGFP-C7 showing
the highest cleavage rate (kcleav = 0.11 min!1) and product yield
(77%) (Table 1). The obtained results indicate that substitution
of A7 (wild type sequence) with C can restore the donor and
acceptor relationship of the non-canonical base pair between
N7 and N+3, which seems to be crucial for ribozyme activity.39

Uridine at position 7 also showed a slightly higher kcleav com-
pared to A7 or G7, however product yield was similarly low.
Based on the results, the C7 variant, cleaving the substrate
only two times slower than the wild type ribozyme,40 was
chosen as the best candidate for the 5!-twin ribozyme unit. For
the U6 ribozyme, kcleav of 0.23 min!1 was even twofold higher
than kcleav of C7 and the obtained product yield of 71% was
similarly high. Thus, U6 is ideally suited for the 3!-twin ribo-
zyme unit.

After determination of cleavage rate constants, the ligation
reaction was analysed using the labelled 3!-cleavage products
as 3!-ligation substrates (3!-LS). To start the ligation reaction,
15 mer 5!-LS was added, forming a three-way junction structure
upon binding to the ribozyme (Fig. 2B). Since 3!-LS forms
12 bp and 5!-LS 14 bp with the ribozyme, dissociation of both

Fig. 2 Hairpin ribozyme constructs for (A) cleavage and (B) ligation reactions. The arrow indicates the cleavage/ligation site and the blue circle rep-
resents the fluorescent dye ATTO680.
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substrates is hampered and thus, ligation is strongly favoured.
Ligation activity was observed for all four N7 hairpin ribo-
zymes (Fig. 4). As expected, ligation rate constants (klig) were
distinctly higher than the respective kcleav. Out of all
N7 hairpin ribozyme variants, again HP-EGFP-C7 showed the
best ligation result with klig = 3.3 min!1 and a product yield of
38% (Table 1). Also for HP-EGFP-U6 a good ligation activity
(klig = 1 min!1) and a product yield of 44% were observed. Sur-
prisingly, U6 showed a nearly threefold lower ligation rate than
C7, although cleavage was three times faster. However, ligation
yield was slightly higher. Based on the results, the C7 and the
U6 ribozymes were chosen as the best suited hairpin ribozyme
variants to be used as the 5!- and 3!-unit in the twin ribozyme.
The cleavage and ligation activities of these two units are
promising for the strategy of twin ribozyme-mediated RNA
repair.

Combination of the two hairpin ribozyme units results in
the twin ribozyme referred to as HP-TW-EGFP-ΔACTC (Fig. 5).
Hereby, HP terms the hairpin ribozyme origin, TW stands for
twin ribozyme, and EGFP-ΔACTC denotes the RNA target pro-

cessed by this ribozyme. Because of the four base deletion of
the EGFP-ΔACTC mRNA, a 4 nt bulge is formed within the
ribozyme upon substrate binding. As a consequence, dis-
sociation of the 15 mer cleavage fragment is promoted.
Annealing of the 19 mer repair oligonucleotide is preferred,
since it contains the additional four nucleotides complemen-
tary to the bulged sequence of the twin ribozyme, thus
forming a continuous and more stable duplex. Translation of
the repaired mRNA would lead to a functional fluorescent
EGFP, which is a prominent reporter thanks to its excellent
fluorescence properties and high sensitivity.41

Twin ribozyme-mediated repair of an EGFP model substrate

The twin ribozyme-mediated repair reaction was conducted
first using a short model substrate instead of the entire EGFP
mRNA. Since long substrates are more likely to form complex
secondary structures that can influence the success of the
repair reaction,27 an in vitro transcribed RNA strand which
binds to the twin ribozyme without overhangs (except the 6 nt
5!-start sequence required for optimal transcription by T7 RNA

Table 1 Single-turnover rate constants of RNA cleavage/ligation by designed hairpin ribozyme variants

Ribozyme

Cleavage Ligation

kcleav [min!1] Amplitude [%] klig [min!1] Amplitude [%]

A7 0.037 ± 0.004 38.8 ± 0.6 1.866 ± 0.3496 25.6 ± 0.7
C7 0.106 ± 0.003 77 ± 1.3 3.303 ± 0.4182 37.8 ± 0.8
G7 0.031 ± 0.001 64.2 ± 1.3 2.227 ± 0.8467 31.8 ± 1
U7 0.046 ± 0.003 56 ± 0.9 1.735 ± 0.21 34.3 ± 0.6
U6 0.23 ± 0.007 71.3 ± 1.6 0.976 ± 0.1886 44.4 ± 0.8

Fig. 3 Kinetic analysis of the cleavage reaction. (A) Cleavage of the fluorescent labelled substrates CS-A and CS-A’ at different time points was ana-
lyzed using a LICOR DNA sequencer. (B) Time courses of cleavage reactions under single-turnover conditions with a 48-fold excess of ribozyme
over a substrate. (C) Dependence of kobs values on the ribozyme concentration. Error bars represent ±SD of n = 3 experiments.
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polymerase) was used as the model substrate. Furthermore, it
was tested whether a two base or a four base deletion mutation
causing the frameshift in the coding sequence is more suited
for the repair reaction. A two base deletion within the sub-
strate would lead to a frameshift mutation and still ensure
sufficient dissociation of the cleavage fragment. The influence
of a four base deletion within the substrate was expected to be
even more advantageous for the dissociation of the cleavage
fragment, but due to the resulting larger bulge in the twin

ribozyme structure, the binding to the substrate might be
hampered. In an initial experiment the twin ribozyme contain-
ing A7 in loop A was used to repair the two base deleted sub-
strate S-EGFP-2BD (52 mer) and the four base deleted
substrate S-EGFP-4BD (50 mer) (Fig. S1, ESI†), respectively.
Only poor repair product yields with 5% repaired S-EGFP-2BD
and 6% repaired S-EGFP-4BD were obtained after 8 h (Fig. S2A,
ESI†). Based on the kinetic analyses described above, next a
twin ribozyme variant containing C7 in loop A of the 5!-unit

Fig. 4 Kinetic analysis of the ligation reaction. (A) Ligation at different time points analyzed on polyacrylamide gel using a LICOR DNA sequencer.
(B) Time courses of ligation reactions under single-turnover conditions at an 80-fold excess of ribozyme and a 3’-ligation substrate over a 5’-ligation
substrate. (C) Dependence of kobs values on the ribozyme concentration. Error bars represent ±SD of n = 3 experiments.

Fig. 5 Repair of a four-base deletion mutation within the EGFP mRNA mediated by the twin ribozyme HP-TW-EGFP-C7. In order to follow the
repair reaction the repair oligonucleotide was internally labelled with ATTO680 (blue circle).
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was used for repair of the model substrates (Fig. S1, ESI†). As
expected, the mutation of A7 ! C7 restored twin ribozyme
activity leading to the product yields of 30% (repair of the two
base deletion) and 34% (repair of the four base deletion)
(Fig. S2B, ESI†).

Twin ribozyme-mediated repair of a four base deletion within
the EGFP-ΔACTC mRNA

To follow twin ribozyme-mediated repair of the full-length
mutated EGFP mRNA, an internally ATTO680 labelled repair
oligonucleotide RS-EGFP (19 mer) containing the missing four
nucleotides was used (Fig. 5). The reaction was carried out
with a 10-fold excess of mRNA and twin ribozyme over the
labelled repair oligonucleotide to ensure optimal detection of
repair products, which were analyzed by denaturing PAGE on a
LICOR DNA sequencer. Since the twin ribozyme contains two
cleavage/ligation sites, 5!-single ligation product (208 mer) and
3!-single ligation product (537 mer) were expected in addition
to the full-length repair product (726 mer). After repair reac-
tion for 8 h, the product yields of up to 32% were obtained
(Fig. 6). This is a very promising result, in particular with
respect to the fact that long mRNAs can form complex second-
ary or even tertiary structures that may reduce the success of
repair.27

In vitro translation

In order to prove that the repair product can be translated into
a functional protein we performed in vitro translation of the
repaired mRNA. For in vitro translation, the repair reaction
was repeated, using a 10-fold excess of the unmodified repair
oligonucleotide RS-EGFP over a twin ribozyme and a mutated
mRNA. This was necessary to ensure a maximum excess of the

repair product over the remaining non-repaired mutated tran-
script. After ethanol precipitation the repair reaction sample
was used for in vitro translation. As can be seen in Fig. 7, the
repaired mRNA was successfully translated into fluorescent
EGFP. In vitro translation of samples lacking either the twin
ribozyme or the repair oligonucleotide did not result in detect-
able fluorescence.

Conclusions
Twin ribozymes possess great potential for RNA repair. Here
we have shown for the first time that twin ribozyme-mediated
mRNA repair of a mutated transcript allows translation into a
functional protein. Repair of the EGFP mRNA containing the
four-base deletion ΔACTC (190–193) by replacement of a patch
of 15 nucleotides with an externally added repair oligo-
nucleotide (19 mer) restored the wild type sequence of the
EGFP transcript with 32% yield. This is the first time that such
a high repair yield, so far observed only for short model
substrates,23–25,27 has been obtained for a full-length mRNA.
Translation of the repaired EGFP-ΔACTC mRNA produces func-
tional EGFP, which can be detected by a clearly visible fluo-
rescence signal. This very important result now paves the way
for the application of this reporter system in the cellular
environment. This requires careful adaptation of the assay
taking into account the challenges associated with cellular
delivery, localization and in-cell effects. Previously we had
looked at twin ribozyme activity under physiological con-
ditions in vitro.42 Twin ribozyme-mediated repair of a four-
base deletion was efficient even at a low magnesium ion con-
centration (1 mM) and proceeded with high selectivity in the
presence of a 250-fold excess of yeast RNA. No off-target effects
were observed, or were below the detection level (Vauléon &

Fig. 6 Twin ribozyme-mediated mRNA repair. (A) Repair of the EGFP
mRNA analyzed on a polyacrylamide gel using a LICOR DNA sequencer.
Product yield was determined by calculating fluorescence intensity of
the repair product band in one lane in relation to summarized fluor-
escence intensities of all bands in that lane. (B) The time course of the
repair reaction. For the repair reaction, an excess of mRNA and twin
ribozyme over the repair oligonucleotide was used, thus product yield is
related to the percentage of the repair oligonucleotide that was incor-
porated into the full-length mRNA.

Fig. 7 In vitro translation of the EGFP-ΔACTC mRNA after twin ribo-
zyme-mediated repair reaction. (A) The repaired mRNA could be suc-
cessfully translated into a functional protein showing (B) a relative
fluorescence intensity of 11%.
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Müller, unpublished results). This is very promising for appli-
cation of twin ribozymes in cells. With the developed reporter
system, RNA repair would be easily detectable by restored
EGFP fluorescence as demonstrated in vitro. In vitro, the yield
of twin ribozyme-mediated repair is well in the range of yields,
which have been reported for SMaRT and other trans-splicing
technologies.16–19 The repair yield may be further improved
under cellular conditions, e.g. by addition of varying amounts
of the twin ribozyme and the repair oligonucleotide, or by
using different strategies of delivery. In general, any amount of
repaired transcripts sufficient to allow translation to proceed
can be expected to induce a functional response. Apart from
the therapeutic potential, efficient alteration of RNA sequences
within cells would enable alternative gene expression by modi-
fying the coding sequence and furthermore allow in vivo
fluorophore or affinity labelling, e.g. for RNA trafficking or for
selective isolation of a particular target RNA.

Experimental
Substrate synthesis

Cleavage and ligation substrates used for kinetic studies of
hairpin ribozyme variants as well as repair oligonucleotides
used for twin ribozyme-mediated RNA repair were chemically
synthesized on a solid phase as described previously.43 For
synthesis, phenoxyacetyl (PAC)-protected phosphoramidites
(ChemGenes), amino modifier C-3 lcaa CPG for postsynthetic
labeling of the substrates and amino modifier C6-dT (Link
Technologies) for internal labelling of the repair oligo-
nucleotide were used. Deprotection of PAC and cyanoethyl (CE)
groups was performed for 30 min at 65 °C with a mixture (1 : 1
v/v) of 32% ammonia and 8 M methylamine in ethanol. After
lyophilization of the oligonucleotides, TBDMS groups were
removed by incubation with a mixture (3 : 1 v/v) of triethyl-
amine trishydrofluoride and DMF at 55 °C for 1.5 h. The reac-
tion was stopped by addition of 0.25 volumes of water, and
RNA was precipitated with 20 volumes of n-butanol in a 50 ml
Falcon tube. The RNA was collected by centrifugation
(6000 rpm) for 30 min at 4 °C and purified by denaturing
PAGE. The desired RNA was eluted from the gel with 0.3 M
sodium acetate (pH 7.0).

The cleavage substrates and repair oligonucleotides were
post-synthetically labelled with ATTO680. For this, 10 nmol
amino modified RNA was dissolved in 50 µl 0.2 M sodium
hydrogen carbonate (pH 8.5), and 100 µg NHS-activated
ATTO680 (ATTOTEC) in 50 µl DMF was added. The reaction
was performed in an Eppendorf Thermomixer for 2.5 h at
25 °C and at 800 rpm. After ethanol precipitation (addition of
1/10 volume 3 M sodium acetate pH 5.4 and 3 volumes of
ethanol) the labelled RNA was purified by reversed-phase
HPLC on Nucleodur 100-5 C18 ec (Macherey-Nagel) with 0.1 M
triethylammonium acetate (TEAAc), 5% acetonitrile (MeCN) as
buffer A, and 0.1 M TEEAc, 30% MeCN as buffer B, with a gra-
dient of 0–85% buffer B in 14 column volumes. Finally, the

labelled RNA was desalted by size exclusion chromatography
using Sephadex G-25 (Sigma).

Preparation of RNA fragments for ligation experiments or
repair reactions

Ligation substrates and repair oligonucleotides were generated
from precursor oligonucleotides by cleavage with a DNAzyme
8–17 to generate the 2!,3!-cyclic phosphate terminus. The pre-
cursor oligonucleotide (1 µM) and DNAzyme (2 µM) were
mixed with Tris/HCl pH 7.5 (40 mM), heated at 90 °C for
2 min and incubated for 15 min at 37 °C. The DNAzyme-
mediated cleavage reaction was started by addition of MgCl2
(90 mM) and performed for 2 h at 37 °C. After ethanol precipi-
tation the cleavage product was purified by denaturing PAGE
and was eluted from the gel.

For generation of ligation substrates to be used in kinetic
analyses of the N7 and the U6 ribozyme, the 20 mer cleavage
substrates CS-A and CS-A! were processed with the hairpin
ribozymes HP-EGFP-C7 or HP-EGFP-U6 prior to the ligation
experiments. The RNA substrate and hairpin ribozyme (1 : 10)
were mixed with Tris/HCl pH 7.5 (40 mM), heated at 90 °C for
2 min and incubated for 15 min at 37 °C. Subsequently, MgCl2
(10 mM) was added and the reaction was performed for 2 h at
37 °C. Purification of the 15 mer 5!-ligation substrates (5!-LS-A
or A!) was conducted as described above.

Introduction of a four-base deletion into the EGFP coding
sequence

A four base deletion was introduced into the EGFP coding
sequence of the plasmid pFRED115 by site-directed mutagen-
esis as described previously27 using PCR primers (5!-GGC CAA
CAC TAG TCA CTT GAC CTA TGG TG-3! and 5!-CAC CAT AGG
TCA AGT GAC TAG TGT TGG CC-3!) containing the four base
deletion ΔACTC (190–193). The introduced four-base deletion
was confirmed by sequencing.

Enzymatic RNA synthesis

Ribozymes, model substrates and mRNAs were enzymatically
synthesized by in vitro transcription from a double stranded
DNA template. To generate the DNA templates of the ribo-
zymes, a Klenow polymerase fill-in reaction was performed
using two primers overlapping at their 3!-ends (underlined).
Primers (HP-EGFP-N7: 5!-GCG AAT TAA TAC GAC TCA CTA TAG
GGA GAA TTG AAN GAA G -3!
and 5!-CTA CTC TGA CGG GTA GCT GGT AAT GTA CCG AAT
CCG AAG A -3!; HP-EGFP-U6: 5!-
GCG AAT TAA TAC GAC TCA CTA TAG GGA GAA GTA GTA GAA
G -3!) for the hairpin ribozymes
or (HP-TW-EGFP-A7 or -C7: 5!-GCT TAC TAA TAC GAC TCA CTA
TAG GGA GAG AAG CAT TGA A(A/C)G AAG TAA AGC TGA GAA
ACA CGA ATC TTC GGA TT -3!
and 5!-CCA TGG CCA AAG ATA CCA GGT AAT GTA CCA CTA
GCG AAC TAG TGT GTT TCT CTG GTC ACC TTC TAC TAC TTT
CA -3!; HP-TW-EGFP-ΔACTC:
5!-GCT TAC TAA TAC GAC TCA CTA TAG GGA GAA AAG CAT
TGA ACG AAG TAG AGC TGA GAA ACA CGA ATC TTC GGA
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TT -3! and 5!-CCA TGG CCA
AAG ATA CCA GGT AAT GTA CCA CTA GCG AAC TAG TGT
GTT TCT CTG GTC ACC TTC TAC TAC TCT
GA -3!, Biomers.net) for the
twin ribozyme or (S-EGFP-2BD or 4BD: 5!-GCT TAC TAA TAC
GAC TCA CTA TAG GGA GAC CAT GGC CAA CAC TTG TC
-3! and S-EGFP-2BD: 5!-GAA GCA TTG AAC ACC ATA AGT GAA
TAG TGA CAA GTG TTG GCC ATG GTG-3!; S-EGFP-4BD:
5!-GAA GCA TTG AAC ACC ATA AGT GAA GTG ACA AGT GTT
GGC CAT GGT G-3!, Biomers.net) for the model substrates with
a final concentration of 2 µM in a reaction volume of 500 µl
were mixed with the Klenow buffer (50 mM Tris pH 7.6,
10 mM MgCl2 and 50 mM NaCl) and heated for 2 min at
90 °C. After incubation at 37 °C for 15 min, the reaction was
started by addition of dNTPs (0.5 mM, Thermo Scientific) and
the Klenow fragment exo! (0.05 U µl!1, Thermo Scientific).
The reaction was carried out for 30 min at 37 °C. After ethanol
precipitation DNA was purified on a native polyacrylamide gel,
eluted from the gel and desalted by ethanol precipitation. For
in vitro transcription, DNA (1 µM) in transcription buffer
(80 mM HEPES pH 7.5, 22 mM MgCl2, 2 mM spermidine,
40 mM dithiothreitol) was mixed with 2 mM NTPs (Thermo
Scientific), and T7 RNA polymerase (1 U µl!1, self-prepared)
was added to a final volume of 50 µl. Transcription was per-
formed for 2.5 h at 37 °C. DNA was degraded by addition of
DNase I (2 U, Thermo Scientific) followed by incubation at
37 °C for 30 min. RNA was recovered by ethanol precipitation,
purified by denaturing PAGE, eluted from the gel and desalted
by ethanol precipitation.

Cleavage kinetics

Cleavage reactions were carried out under single turnover con-
ditions with a 3-, 6-, 16-, 32- and 48-fold excess of hairpin ribo-
zyme over cleavage substrate. The ribozyme (75–1200 nM) and
substrate (25 nM) were incubated separately in 20 µl Tris-HCl,
(40 mM, pH 7.5) and MgCl2 (10 mM), heated for 2 min at
90 °C and incubated for 15 min at 37 °C. Subsequently, both
solutions were mixed to start the reaction, which was per-
formed at 37 °C. After defined time points (1, 2, 4, 6, 8, 10, 15,
30, 60, 90, 120, 240, 480 min) aliquots of 1 µl were taken and
added to 19 µl stop mix (7 M urea, 50 mM EDTA), and kept on
ice or stored at !20 °C until analyzed on a denaturing 15%
polyacrylamide gel using a LICOR-DNA sequencer. Data
was processed with Gene ImagIR 4.05 software. The cleaved
substrate fraction plotted over time was fitted to the equation

!P" # A$1% e%kobs;cleav&t'

where [P] represents the product fraction, A the amplitude and
t the time. In order to determine the kcleav values of the
different hairpin ribozyme variants, the obtained kobs,cleav
values were plotted over the ribozyme concentration [R]0 and
fitted to the equation

kobs;cleav #
kcleav R! "0
KM ( R! "0

Ligation kinetics

Ligation reactions were carried out under single turnover con-
ditions with a 3-, 6-, 16-, 32-, 48- and 80-fold excess of hairpin
ribozyme over the cleavage substrate in a 40 µl reaction
volume. The ribozyme (37.5–1000 nM) and the 5!-ligation sub-
strate (12.5 nM) were mixed with Tris-HCl (40 mM, pH 7.5),
heated for 2 min at 90 °C and incubated for 15 min at 37 °C.
Afterwards, MgCl2 was added to a final concentration of
10 mM and the mixture was incubated at 37 °C for further
15 min. The ligation reaction was started by addition of the
3!-ligation substrate (37.5–1000 nM). After defined time points
(1, 3, 2, 4, 6, 8, 10, 15, 30, 60 min) aliquots of 1 µl were taken
and added to the 9 µl stop mix, and kept on ice or stored at
!20 °C until analyzed on a LICOR-DNA sequencer. The
ligation product fraction was plotted over time and fitted to
the equation

!P" # A$1% e%kobs;lig &t'

The klig values were determined by plotting the obtained
kobs,lig over ribozyme concentration [R]0. The plot was fitted to
the equation

kobs;lig #
klig R! "0

KM ( R! "0

Twin ribozyme-mediated repair reaction

The repair reaction of the model substrates was carried out
with 400 nM twin ribozyme, 400 nM substrate and 100 nM
repair oligonucleotide. For repair of the EGFP-ΔACTC mRNA,
1 µM twin ribozyme, 1 µM mRNA and 100 nM repair oligo-
nucleotide were used. First, the twin ribozyme and the mRNA
were mixed in Tris-HCl (40 mM, pH 7.5), heated for 2 min at
90 °C and incubated at 37 °C for 15 min. Then MgCl2 (10 mM)
was added and the mixture was incubated again at 37 °C for
15 min. With the addition of the fluorescently-labelled repair
oligonucleotide the repair reaction was started and performed
for 8 h at 37 °C. After 2 min, 10 min, 30 min, 1 h, 2 h, 4 h, 6 h
and 8 h aliquots of 1 µl were taken and added to the 49 µl stop
mix. The samples were kept on ice or stored at !20 °C until
analyzed on a LICOR-DNA sequencer. The repair reaction of
EGFP-ΔACTC mRNA to be used for in vitro translation was
performed with 500 nM twin ribozyme, 500 nM mRNA and
5 µM unmodified repair oligonucleotide in a 20 µl reaction
volume for 6 h at 37 °C. After ethanol precipitation the
RNA sample was heated for 5 min at 75 °C to denature twin
ribozyme–mRNA duplexes, and then directly used for in vitro
translation.

In vitro translation

In vitro translation using the PURExpress In Vitro Protein
Synthesis Kit (New England Biolabs) was performed according
to the manufacturer’s instruction manual. First, the rec-
ommended translation signals were introduced by PCR using
the plasmid pFRED115 or pFRED115-ΔACTC, and the primers:
5!-GCG AAT TAA TAC GAC TCA CTA TAG GGA GAC AGT ATA
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AGG AGG AAA AAA TAT GGC TAG CAA AGG AGA AGA ACT CTT
C-3! and 5!-AAA CCC CTC CGT TTA GAG AGG GGT TAT GCT
AGT TAT CAG TTG TAC AGT TCA TCC ATG CC-3!. The obtained
linearized DNA was used as a template for in vitro transcription
to obtain wild type and mutated EGFP mRNA, respectively. For
in vitro translation 10 pmol RNA were sufficient for the reac-
tion that was performed for 1–4 h at 37 °C. Fluorescence
measurements were conducted using the spectrofluorometer
FP-6500 (JASCO).
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Hairpin ribozyme mediated RNA recombination†

Robert Hieronymus, Simon Peter Godehard, Darko Balke and Sabine Müller*

We have engineered a hairpin ribozyme that in a two-step reaction

supports RNA recombination by catalysing the cleavage of two

non-functional RNA precursors (first step) followed by the recom-

bination of two of the cleavage fragments into a functional RNA

(second step). The recombination product (yield: 76%) is a fully

functional hammerhead ribozyme.

With the discovery of the class I ligase tC9Y,1 a competent
RNA polymerase ribozyme possessing the potential for self-
replication, the RNA world hypothesis2–4 obtained a new and
important boost towards plausibility. With 97.7% fidelity, the
polymerase works with impressive accuracy, however, not accu-
rate enough to escape the problem called Muller’s ratchet,5,6 a
statistical phenomenon that results in the accumulation of
deleterious mutations over time. In the long term, this would
lead to the extinction of the tC9Y population. Furthermore, one
may ask how a functional RNA as complex as a polymerase
ribozyme was formed in the first place. RNA recombination
may provide a solution to both problems; for one as a process
by which two RNA molecules exchange genetic information and
which eventually results in the production of a new RNA with
novel functionality, and for the second as a repair mechanism
enabling the restoration of the wild type sequence by removal
of defective RNA patches in exchange for unaltered sequence
segments. In the RNA world, this process most likely was catalysed
by rather simple RNAs. Life depends on its high potential for
evolution, assigning recombination a highly significant process in
the early RNA world.

A remarkable example of a conceivable prebiotic RNA
recombinase based on the Azoarcus group I intron ribozyme was
previously reported by Lehman and co-workers.7 Recombination
of the 50-portion of one RNA with the 30-portion of another
proceeds by a reverse and a forward splice reaction with yields

up to 78%. The only requirement is that the two independent
precursor RNAs contain the short recognition sequence CAU for a
defined interaction with the recombinase ribozyme. The function-
ality of the Azoarcus recombinase ribozyme was demonstrated by
the generation of a hammerhead7 and a class I ligase ribozyme8

from non-functional RNA precursors. Furthermore, it was shown
that four Azoarcus ribozyme fragments ranging in size from
39 to 63 nt can self-assemble into the functional ribozyme
without loss of activity.9 This greatly enhances the likelihood
of such systems in an early RNA world, and moreover, sheds
light on the importance of cooperative networks on a molecular
level.10 In theory, a ribozyme with endonucleolytic activity has
potential for recombination, as long as the reverse reaction is
energetically attractive. This in particular applies to the hairpin
ribozyme (HPR). HPR cleavage is entropically favoured and
results in fragments with a 50-hydroxyl and a 20,30-cyclic phos-
phate terminus. The reverse reaction (ligation) proceeds via the
same path in the opposite direction. It starts with the ring
opening of the cyclic phosphate, thereby releasing the ring
strain energy. As a result, ligation is enthalpically favoured.11

The internal equilibrium is shifted towards ligation, because the
entropic cost for ligation can be compensated by the enthalpic
contribution of the process. Taking into account substrate/
product dissociation processes, the preference for cleavage or
ligation depends on the stability of the ribozyme substrate/
product complex. Fragments that are tightly bound to the
ribozyme, such that dissociation is thermodynamically and
kinetically disfavoured would undergo preferential ligation.
In contrast, ribozyme–substrate complexes that are less stable
(however stable enough to form a catalytically competent
structure), such that dissociation is fast, would favour cleavage.
Shifting the cleavage/ligation potential of the HPR by modula-
tion of binding stabilities has been proven to be a useful strategy
in our laboratory for the development of twin ribozymes12–14 and
self-processing HPR variants.15–17 Further characteristic features
like its short length18 and the high sequence variability19,20

make the HPR a suitable starting point for investigation into
recombination scenarios.
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Here we report on a recombination system (Fig. 1) based on a
single HPR that cleaves two independent RNA strands followed
by cross-ligation of the resulting fragments to form a functional
trans-cleaving hammerhead ribozyme (HHR). HPR and HHR
are well studied ribozymes and therefore ideal candidates for
rational design. For best cleavage results, the two RNA substrates
were designed containing the sequence AGUC (highlighted in
pale blue in Fig. 2a) required at the cleavage/ligation site of the
wild-type HPR. This sequence ensures maximum reaction rates,
although other sequences have been reported to also be cleaved
e!ciently.20 The binding regions next to the cleavage/ligation
site can be arbitrarily adjusted in both the substrate and the
ribozyme.

Taking into account the activity requirements of HPR and
HHR for functional design, the final recombination product is
a sequence variant of the wild-type HHR, containing the AGUC
sequence (relevant for HPR activity as discussed above) in the
loop of stem II (Fig. 2a, structure IV). The conserved HHR
sequences21 CUGAUGA and GAAA (marked in red in Fig. 2a) are
delivered by the two recombination substrates 50HH (24 nt) and
30HH (23 nt), each carrying either one of the two sequences.
They are named with respect to the region where this conserved
sequence is located. Stem II of the HHR is variable; therefore
the sequence of stem II was chosen in accordance to the HPR
substrate binding site (compare structures I to III in Fig. 2a).

Regarding the recombination success, it is important to ensure
a su!cient supply of cleavage fragments that are ligated to
the final recombination product. Therefore, HPR substrate
complexes I and II (Fig. 2a) need to be designed for e!cient
cleavage. Furthermore, the RNA fragments carrying the con-
served HHR regions are required to bind more tightly to the
ribozyme than their non-coding counterparts, in order to
favour the formation of the functional RNA product over the
nonsense one. Taking into account all these considerations,
we designed three RNA sequences on the basis of the lowest
free energy for complexes I to III (Fig. 2a), using the secondary
structure prediction software RNAstructure.22 For studies of
cleavage activity, both substrates were labelled with ATTO680;
however, mainly 50HH* (asterisk for labelled) was used to
follow reactions in the entire recombination process, with the
help of a LI-COR 4300 DNA sequencer.

First, we analysed, in separate experiments, the cleavage rates
for the two individual substrates, and we observed a slightly
higher rate for 50HH compared with 30HH (Fig. S1, ESI†). In the
final recombination assay, this slight disproportion may be
achieved by the adjustment of the RNA concentration ratios
(see below). Next we took a closer look at the cleavage reaction
under standard HPR conditions (50 mM Tris/HCl bu"er (pH 7.5),
10 mM MgCl2, incubated at 37 1C for 3 h) in the presence of
both substrates and the ribozyme in stoichiometric concentra-
tions (20 nM), thus mimicking binding competition in a RNA
world scenario. Under these conditions, we observed a sub-
stantial amount (85%) of cleaved 50HH* (50HHclv*: 16 nt), and
only a small amount (2%) of the recombination product (HHR*:
34 nt) (Fig. 2b). The cleavage–ligation equilibrium of the hairpin
ribozyme is sensitive to temperature and therefore can be shifted
through temperature adjustment. At lower temperatures and
as a consequence of lower diffusion rates, ligation becomes
more pronounced, because the substrates remain bound to the
ribozyme longer in a catalytically competent conformation.
Although it remains unclear which particular temperature
was on earth 4 billion years ago, presumably something that
resembles to earth’s atmosphere today,23 it can be assumed
that there have been alterations in temperature due to day and
night shifts. With a temperature leap from 37 1C to 20 1C after
3 h reaction of HPR with 50HH and 30HH (which was necessary
because cleavage only appears at temperatures at 37 1C or
higher) and further incubation for 3 h we obtained the recom-
bination product HHR* with a yield of 9% (Fig. 2b). However,
we also observed less 50HHclv* (62%) compared with the experi-
ment described above, indicating that back ligation to the
original substrate 50HH* is a serious side reaction. This may be
caused by the competition of the 30-half of 50HH with 30HHclv, the
latter being available in lower amounts due to the poorer cleavage
of 30HH compared with 50HH. Before further approaching this
problem, we set out to determine the optimal magnesium
concentration for recombination (Fig. 2b). On the one hand
higher magnesium levels support binding of substrates to the
ribozyme and thus ligation. On the other hand, higher Mg2+

concentrations are also supportive to the cleavage reaction,
because the folded active conformation of the ribozyme is stabilised.

Fig. 1 Recombination assay based on the hairpin ribozyme. Upon dissocia-
tion and refolding, the recombination product HHR can cleave an externally
added substrate (boxed area). Stars represent fluorescence dyes for visuali-
zation. Di!erent colours (blue, orange) just indicate the di!erent nature of
labelled RNAs; in both cases (blue, orange) ATTO680 was used (see ESI†).
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As for the temperature, the specific magnesium concentration
on the primeval earth is unclear. In the ocean, it may have been
50 mM (today’s concentration) or up to 100 mM.24 We studied
recombination at MgCl2 concentrations ranging from 2 to
100 mM (Fig. 2c) and observed an increase of yields up to
20% HHR* at 100 mM Mg2+. In further recombination experi-
ments, 50 mM MgCl2 was used, to ensure sufficient but not too
high stability of ribozyme–substrate complexes, thus allowing
efficient ligation and limiting product inhibition.

Next, we looked at the e!ect of di!erent 50HH* : 30HH : HPR
ratios on recombination yield. Under assay conditions (50 mM
Tris/HCl bu!er (pH 7.5), 50 mM MgCl2 and 37 1C) a ratio of
1 : 8 : 4 seems to be most promising (Fig. 2c), allowing HHR*
yields up to 58% after 3 h reaction. The recombination yield
could be further increased up to 76%, when the reaction was
carried out for 3 h at 37 1C, followed by 3 h at 20 1C, as
explained above. A further increase of the 30HH concentration
had no significant e!ect. Following the optimised reaction over

time (Fig. 2d), it can be observed that product formation occurs
right after the first emergence of 50HHclv*. This indicates that
the rather high magnesium ion concentration allows ligation
even at 37 1C, and a considerable amount of product (55%) is
formed already after 1 h. Further reaction at 20 1C boosts the
product yield by another 18%, due to favoured ligation at lower
temperature. The high excess of 30HH over 50HH results in
excess of 30HHclv over the 30-half cleavage fragment of 50HH,
which supports ligation of 50HHclv with 30HHclv and suppresses
back ligation of 50HH*clv to form 50HH* as observed in previous
experiments.

Taken together, from the fragment length analysis we can
conclude that hairpin ribozyme supported recombination of a
24mer and a 23mer RNA substrate into a 34mer RNA product
was successful. As an additional proof, we decided to look at
the functionality of the recombination product, which because
of its hammerhead structure should support cleavage of an
externally added substrate, containing the cleavage site UCG

Fig. 2 Hairpin ribozyme (HPR) supported recombination. (a) Sequences and secondary structures of RNAs in the recombination assay (I) HPR (72 nt) +
30HH (23 nt), (II) HPR + 50HH (24 nt), (III) HPR + recombination product (34 nt), (IV) recombination product + hammerhead ribozyme substrate (17 nt).
Arrows mark cleavage/ligation sites and stars represent the fluorescent dyes. (b) Dependence of 5 0HH*-cleavage and recombination yield on magnesium
ion concentration in 50 mM Tris/HCl bu!er (pH 7.5), with 20 nM HPR, 20 nM 50HH* and 20 nM 30HH, and a temperature shift after 3 h from 37 to 20 1C.
(c) Dependence of 50HH*-cleavage and recombination yield on the 50HH*-30HH-HPR ratio in 50 mM MgCl2, 50 mM Tris/HCl bu!er (pH 7.5) and a
temperature shift after 3 h from 37 to 20 1C; (d) time courses of recombination reactions under optimised conditions.
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(complex IV in Fig. 2a). To this end, recombination was con-
ducted at a preparative scale (500 pmol 50HH*), and the
recombined HHR was isolated from the reaction mix. Cleavage
activity was investigated in comparison to an in vitro tran-
scribed counterpart (Fig. S3a, ESI†). The activity of the recom-
bined HHR (kobs = 0.041 min!1) was somewhat lower, but in the
same range as that of the HHR variant obtained from in vitro
transcription (kobs = 0.053 min!1). Thus, the functionality of the
recombination product was confirmed. Unfortunately, the
two recombination substrates 50HH and 30HH can also form
a two-stranded hammerhead ribozyme that binds the HHR
substrate, and induces cleavage independent of recombination
(kobs = 0.023 min!1, Fig. S3, ESI†), although the activity is about
2-fold lower. As a consequence, we cannot fully control the
activity of the recombined RNA in situ. In order to overcome
this hurdle, we studied the temperature dependence of cleavage
reactions of both, the recombined and the two-stranded HHR
(Fig. S4a, ESI†). At 64 1C, the recombined HHR still shows
su!cient activity, whereas the two-stranded HHR is virtually
dead. Thus, a changed temperature regime would prevent the
association of recombination substrates to a two-stranded HHR
and suppress the observed side activity. However, higher tem-
peratures are detrimental to recombination; under these con-
ditions the ligation step is strongly hampered and virtually no
recombination product is formed (Fig. S4b, ESI†). Another
solution to the outlined problem may be relocation of the ligation
site from stem-loop II of the HHR to a more favourable position
(e.g. within the catalytic core), such that an intermolecular
assembly of the two substrates would be insu!ciently stable
and therefore not catalytically competent. This requires complete
redesign of the recombination assay and will be considered in
our future studies on recombination scenarios. Nevertheless, the
system presented here may account for advancement in terms of
evolutionary potential: two RNA molecules that interact to fulfil a
certain function (here RNA cleavage) are linked, and functionality
is harboured in one molecule instead of two.

Our HPR recombinase does not reach the substrate generality
of the Azoarcus ribozyme,7 because substrates are bound by
about 10–16 bp. Thus, a HPR recombinase as presented here
seems to be very substrate specific. On the other hand, one has
to keep in mind that the stems next to the catalytic core are
highly sequence variable and that the catalytic core sequence is
also mutable to a certain extent. There is a large number of
functional hairpin ribozyme sequence variants,25 meaning that
a large number of substrates can be processed (e.g. in recombi-
nation reactions). In addition, the smaller size and the less
complex fold of the HPR compared with the Azoarcus or other

group I intron ribozymes make the HPR a plausible candidate
as a functional entity at an early stage of the RNA world.

The recombination activity that we have engineered into the
HPR adds to the many faces of this small ribozyme. In addition to
RNA fragment exchange and repair, self-processing and circular-
ization, as demonstrated previously,26 the original HPR activity
can be used to cleave two independent substrates and to recom-
bine (ligate) the obtained fragments to a new RNA with pre-
defined function. In our future e"orts we will further address the
evolutionary potential of HPR supported recombination in the
RNA world. Moreover, due to the suitability of the HPR for
custom design and easy sequence adaptation, the recombination
system presented here may have potential for tailored applica-
tions in molecular biology and medicine.
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