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A Adenine / Adenosine 
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Cv Column volume 
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DMF N,N-Dimethylformamide 
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RT Reverse transcription 
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T Thymine / Thymidine 

T4 Dnl T4 DNA ligase 
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1. Introduction 

Organisms are complex systems based on cells able to grow, reproduce and respond to stimuli. 

They perform a high number of chemical reactions. The genetic information needed to 

maintain, reproduce, and build a living being is carried out by a polymer called 

deoxyribonucleic acid (DNA). Proteins play different roles in the cell, for example, they can 

serve as a structural component, change properties of the cell, be involved in the transport of 

substances, act as a catalyst, etc. The genetic information is converted into proteins via a 

transcription process of DNA into messenger ribonucleic acid (mRNA). The mRNA is then 

translated into proteins involving the ribosome, which is a complex molecule composed of RNA 

and proteins itself. And finally, the membrane surrounding the cell components is composed of 

two layers of phospholipid with hydrophilic and hydrophobic ends. 

Besides the important role of ribonucleic and deoxyribonucleic acid in the storage and transport 

of genetic information, nucleic acids are also known to form complex functional structures, 

which can catalyze different types of reactions. Cech and his coworkers discovered a 

polyribonucleotide that acts as an enzyme, a ribozyme (Kruger et al., 1982). They have shown 

that cleavage and ligation reactions occur in the Tetrahymena ribosomal RNA (rRNA) 

precursor splicing without enzymes. The intervening sequence (IVS) presents in the 

Tetrahymena is excised at the two ends to form the mature ribosomal RNA. The term “RNA 

world” was then used for the first time by Walter Gilbert in 1986 (Gilbert, 1986). RNA enzymes 

that can catalyze a new RNA molecule exclude the necessity of protein enzymes at the 

beginning of the evolution. This hypothesis could suggest that the first system, in the prebiotic 

chemistry, was composed of self-replicating RNAs involving catalytic activity. Those RNA 

molecules then supported the synthesis of proteins, which became better enzymes due to their 

more diverse functional side chains. And finally, DNA appeared thanks to the reverse 

transcription of RNA molecules, to store the genetic information in a more stable double-

stranded structure. 

The discoveries allowed the identification of several classes of ribozymes, such as the self-

splicing group I (Kruger et al., 1982) and II introns (Peebles et al., 1986), but also the group of 

small self-cleaving ribozymes with the hammerhead (Prody et al., 1986), hairpin (Buzayan et 

al., 1986), hepatitis delta virus (Sharmeen et al., 1988), Varkud Satellite (Saville & Collins, 

1990) or glms (Winkler et al., 2004) ribozymes. 
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Nucleic acid molecules cannot only interact with themself or other nucleic acids, but they can 

also recognize specific protein sites or other small molecules. Aptamers are single-stranded 

RNA or DNA structures that specifically bind molecules, also called ligands, with low 

dissociation constant and therefore high affinity. RNA sequences able to specifically bind a 

variety of ligands were introduced in 1990 (Ellington & Szostak, 1990), followed 2 years later 

by the design of the first DNA sequence aptamer (Bock et al., 1992). The high-affinity 

interaction between the aptamer and its specific ligand is mainly due to a configuration change. 

It forms a well-defined three-dimensional structure only in the presence of its target. Aptamers 

binding to a specific ligand are designed using an in vitro selection method, called systematic 

evolution of ligands by exponential enrichment (SELEX) (Tuerk & Gold, 1990). The SELEX 

method was then adapted to identify and amplify sequences able to catalyze the cleavage of 

nucleic acids instead of ligand affinity and further allowed the design of a single-stranded DNA 

sequence able to exhibit cleavage activity, called DNAzyme (Santoro & Joyce, 1997). 

Since then, it was clear that nucleic acids can perform various functions and catalyze specific 

reactions. Therefore, oligonucleotides able to regulate, recognize, cleave, or ligate created a 

great boom in nucleic acid research and became powerful tools for a broad range of applications 

in molecular biology, nanotechnology, and analytics (Ma & Liu, 2020). The emergence of the 

use of nucleic acids in numerous domains is especially due to their simple and economically 

enzymatic or chemical synthesis and their good stability, which make them easy to handle for 

many research centers. 

Despite the advantages of using functional nucleic acids, they also have limitations causing 

problems for specific applications (Lakhin et al., 2013). For instance, for therapeutic purposes, 

the functional nucleic acids must be stable in biological medium and, more specifically, against 

nuclease degradation. The average lifetime of oligonucleotides in the blood varies from minutes 

to tens of minutes depending on their sizes and their concentrations altering their duration of 

action. The method against nuclease degradation is mostly the introduction of specific 

modifications at the 2’-, 3’-, or 5’-end of the nucleic acid. More important, aptamers mostly 

vary in their length from 20 to 60 nucleotides, which can hamper intracellular delivery, but also 

can form unfavorable secondary structures or interact with a molecule-like target. Thus, 

aptamer cross-reactivity might cause false positive or nonspecific signals but also side effects 

in the case of therapeutic applications. 

To overcome a maximum of those limitations, a new strategy emerged a few years ago based 

on the fragmentation of functional nucleic acids. This new strategy has been intensively used 
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with DNA/RNA aptamers, as reviewed recently (Debiais, Lelievre, et al., 2020). Following the 

same principle that is used with split-protein systems (Shekhawat & Ghosh, 2011), the aptamer 

is synthesized in two or more pieces. The aptamer fragments are non-functional but can 

assemble to form the parent structure only in presence of the specific target. The resulting 

shorter fragments avoid unwanted secondary structure, unspecific binding, and are cheaper to 

synthesize. However, the strategy of split-systems presents new limitations as they often have 

a lower affinity to the target due to the lower stability of the re-formed complex. The different 

split-systems reviewed principally use helping factors to bring fragments in proximity and favor 

the re-assembly of the split aptamer/nucleic acid enzyme (Debiais, Lelievre, et al., 2020). The 

extremities of the fragments can be functionalized with complement extensions. As an example, 

a spinach aptamer was split at the third stem from the 5’-end and used DNA blockers to monitor 

the assembly of the functional structure (Rogers et al., 2015). Each split-spinach fragment was 

extended at the fragmented stem by a complementary sequence. The DNA “blockers” annealed 

the complement sequences, the functional spinach cannot re-assemble and cannot induce the 

fluorescence of its ligand, 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI). The 

DNA “blockers” can be displaced by DNA strands, called “unblockers”, forming a DNA 

blockers/unblockers duplex and the extended sequences can anneal each other. The assembly 

spinach induces the fluorescence of DFHBI. It has been shown that in absence of the 

complemented sequences at one of the extremities of the split-fragments, the assembled spinach 

cannot form a stable DFHBI binding pocket and did not induce fluorescence. The assembly can 

also be helped by the functionalization of the fragment extremities with specific groups able to 

form a covalent bond, like amine and aldehyde used with the split-cocaine aptamer (Spiropulos 

& Heemstra, 2012). 

The goal of this work was to examine the cleavage activity of fragmented minimal hairpin 

ribozymes. Indeed, compared to the number of split RNA or DNA aptamers, only a few studies 

have worked on split-ribozyme systems primarily due to their complex structures. A new 

boronic acid ester was used as a covalent linkage to hold the folding of the functional system. 

Results have been collected over this project showing the possibility of replacing the 

phosphodiester linkage, at specific positions, with a boronic acid ester. 
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2. Engineering new hairpin ribozyme variants 

2.1. The hairpin ribozyme 

Among catalyst RNAs, the hairpin ribozyme is one of the most studied. Because of its small 

size and its simple structure, the hairpin ribozyme is widely used in research and has been well 

characterized. The possibility of chemical synthesis makes it favorable for the implementation 

of modified nucleotides for structure and functional studies. 

 

Figure 1: Schematic representation of A) the rolling circle replication of the viral satellite RNA and B) 

the secondary structure of the natural four-way junction hairpin ribozyme (Feldstein et al., 1989). 

The hairpin ribozyme has been discovered in the catalytic domain of the negative polarity strand 

of the tobacco ringspot virus satellite RNA ((-)sTRSV) (Feldstein et al., 1989). The ribozyme 
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catalyzes the cis-cleavage and ligation reactions in the rolling circle replication of the viral 

satellite RNA (Figure 1A). The RNA polymerase synthesizes the complementary (-)-multimer 

strand from (+)-circular RNA, which is cleaved by the hairpin ribozyme motif into linear 

monomer (-)-strands. Monomer strands refold and ligate to form a (-)-circular RNA. The same 

process is then used to cleave (+)-multimer strands into linear monomer (+)-strands but using 

the hammerhead ribozyme motif. The 359 nucleotides long hairpin ribozyme exists naturally 

in an RNA four-way junction and cleaves the phosphodiester bond in loop A between a 

guanosine G+1 and an adenosine A-1 (Figure 1B). To simplify discussions, the nomenclature of 

the substrate has been generalized and based on the direction 5’-3’ with the cleavage site as a 

starting point. From the cleavage site to the 3’-end, bases are numbered with a (+), for example, 

G+1, A+2, etc. The other direction to the 5’-end, (-) is used, like A-1 and U-2. 

 

Figure 2: Trans-esterification mechanism taking place between A-1 and G+1 of the substrate strand. The 

2’-oxygen attacks the phosphorus of the adjacent phosphodiester bond forming a trigonal biryramidal 

intermediate (Shin et al., 1996). 

The natural ribozyme was further minimized removing sequences that are not required for the 

substrate recognition and catalytic activity (Hampel & Tritz, 1989). The 359-bases RNA of (-) 

sTRSV is then converted into a two-way junction with a 50 nucleotides long RNA containing 

the catalytic domain without lowering its activity. The two-way junction hairpin ribozyme 

catalyzes the trans-cleavage of an RNA substrate (Shin et al., 1996) under multiple turnover 

conditions increasing the efficiency of the reaction. In a SN2 like mechanism, it cleaves a 

specific phosphodiester bond, via a reversible trans-esterification mechanism involving an in-

line nucleophilic attack of the 2’-oxygen on the adjacent 3’-phosphorus (Figure 2). The hairpin 

ribozyme is entropically favored and two characteristic fragments are resulting, one with a 5’-
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OH end and the other one with 2’,3’-cyclic phosphate. When the cleaved fragments stay bound 

to the ribozyme, the ligation process can occur with a relatively low entropy cost. The ligation 

reaction is an enthalpic process and starts with opening the cyclic phosphate releasing the ring 

strain energy (Zhuang et al., 2002). Therefore, the internal equilibrium is shifted to ligation due 

to the enthalpy compensating the entropic cost of the process.  

 

Figure 3: Minimal secondary structure of the hairpin ribozyme and its required bases (Anderson et al., 

1994, Berzal-Herranz et al., 1992, 1993). Filled dots represent non-essential bases and the black arrow 

shows the cleavage site. 

Bound to the substrate, the minimized ribozyme forms four helices via complementary base-

pairing (H-1, H-2, H-3, and H-4) separated by two internal loops (A and B) (Figure 3). Further 

studies on the structure of the hairpin ribozyme have been done to understand and clarify which 

nucleotides are essential for its catalytic activity. Several methods can be used, like the in vitro 

selection experiments that allowed the identification of essential nucleotides (Berzal-Herranz 

et al., 1992, 1993). Berzal-Herranz et al. mutagenized the hairpin ribozyme’s sequence with 

low frequency of A, C, G, and U, which means one mutation per molecule, and at high 

frequency with five mutations. As a result, they could identify sixteen essential bases, fifteen 

bases localized in the two loops in the ribozyme strand and the G+1 in the substrate (Figure 3). 

Anderson et al. also introduced different mutations in the natural hairpin ribozyme sequence 

and substrate and measured the cleavage efficiency (Anderson et al., 1994). When one of the 

essential bases was changed, the cleavage activity of the hairpin ribozyme showed a significant 

decrease, and at some positions, the mutation was possible but not with all bases. The sequence 

in helices, except G11, is variable only if the base pairing is maintained, however, the length of 

helices is important. Helix 2 must contain four base pairs and helix 3 requires five base pairs 
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and without mismatches for optimal activity (Berzal-Herranz et al., 1993). Without losing 

activity, helices 1 and 4 can also be extended as desired (Chowrira & Burke, 1992). 

The mutation of essential nucleobases could disturb the substrate binding, the tertiary contact, 

or the interaction with divalent metal cations important for cleavage activity. Indeed, the 

cleavage activity is dependent on the presence of divalent metal cations (Hampel & Tritz, 1989). 

The complex formation of the ribozyme could be formed in absence of divalent metal cation 

and in presence of Mg2+, Sr2+, Ca2+, Na+, and K+, however, cleavage activities were observed 

only in presence of Mg2+, Sr2+, or Ca2+ (alkaline earth cations) (Chowrira, Berzal-Herranz, & 

Burke, 1993). The use of Mg2+ gave the best cleavage activity of the ribozyme, while Mn2+ and 

Co2+ support activity only in presence of spermidine. Alternatively, spermidine stimulates the 

cleavage reaction of the ribozyme with Mg2+ only in a low concentration range. The cation 

plays two functions in the cleavage activity, at the catalytic and structural sites. The first 

hypothesis was that the alkaline earth cations involve coordination of the 2’-hydroxyl group of 

ribose and the ion. However, the inert metal cobalt (III) hexamine [Co(NH3)6
3+] complex 

showed activation of the hairpin ribozyme activity comparable to Mg2+ while it cannot directly 

coordinate, activate water or ligands (Hampel & Cowan, 1997; Young et al., 1997). The 

hexahydrate Mg2+ interacts with the ribozyme via an outer-sphere mechanism. The monovalent 

cations, Na+ and K+, do not activate the ribozyme activity. They do not alter the conformation 

of the ribozyme and, therefore, play a structural role but not a catalytic one (Chowrira, Berzal-

Herranz, & Burke, 1993). 

The effect of aminoglycoside antibiotics (for example, Tobramycin, kanamycin A and B, 

gentamicin, etc.) and polyamines (spermine and spermidine) on the activity of the three-

stranded hairpin ribozyme were also analyzed under single-turnover conditions (Earnshaw & 

Gait, 1998). The ribozyme was active with aminoglycoside antibiotics containing a minimum 

of four protonated amino groups in the structure. The presence and orientation of some hydroxyl 

groups were also influencing the activity of the ribozyme. When magnesium was present, 

aminoglycoside antibiotics inhibit ribozyme activity. Because of the four amino groups, 

ribozyme activity with spermine and EDTA showed high efficiency compared to the spermidine 

which showed activity but at an extremely slow rate. 

The catalytic pathway involved during the cleavage/ligation process from the hairpin ribozyme 

contains several reversible steps (Fedor, 2000; Zhuang et al., 2002). Walter et al. used 

fluorescence resonance energy transfer (FRET) to analyze the tertiary folding and associated 

dynamics (Walter et al., 1998). The two domains A and B were each labeled with a fluorescence 
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donor-acceptor pair. Following the fluorescence intensity, the multistep reaction pathways were 

identified (Figure 4A). First, the substrate associates to the ribozyme, and the complex forms 

the undock conformation implicating an alignment, called coaxial stacking, of helices 2 and 3. 

When Mg2+ is present, the ribozyme adopts a tertiary structure. Both arms collapse into a non-

coaxial orientation allowing the spatial proximity of loops A and B via metastable docking 

conformation. The hinge between those two helices gives flexibility to the system for this 

conformation change. The substrate is cleaved via transesterification and stays associated until 

the end of the undocking process. Finally, the cleavage products progressively dissociate from 

the ribozyme. The ligation is kinetically favored and takes place around five times faster than 

the cleavage reaction. The bond cleavage and ligation reach an equilibrium before the product 

is released (Zhuang et al., 2002), and therefore cleavage/ligation path can be shifted depending 

on the stabilization of the substrate/ribozyme structure. To favor the cleavage, the binding of 

the substrate fragments to the ribozyme must be unstable to dissociate faster than the ligation 

reaction. On the other hand, the ligation process is favored when the substrate fragments are 

tightly bound to the ribozyme, and therefore the ligation is faster than the dissociation. 

The structures of the loops A and B in docking conformation were studied by NMR (Butcher 

et al., 1999, 2000; Cai & Tinoco, 1996) and x-ray crystallography (Rupert et al., 2002; Rupert 

& Ferré-D’Amaré, 2001) that the identification of different loop-loop interactions involved 

during the conformational rearrangement (Figure 4B). One of the loop-loop interactions is 

called ribose zipper which resembles a pocket enveloping the base U42, formed by hydrogen 

bonds involving 2’- hydroxyl groups of A10, G11, A24, and C25. Loop A is then inserted in the 

stacked loop B allowing the formation of an additional Watson-Crick-base pair between G+1 

and C25. The enclosed U42 forms hydrogen bonds with G11, U12, A22, and A23. The docked 

conformation is also stabilized by interactions within loops. The stem A is stabilized by three 

hydrogen bonds between the N3 of A-1 and A9, G8 and H+2, Y+3 and base7, allowing the 

extrusion of the base G+1 from the helical stack (Rupert & Ferré-D’Amaré, 2001). The hydrogen 

bonds observed in the docked loop A are all missing in the undocked conformation of the 

ribozyme. Similarly, loop B contains several non-canonical interactions between base20 and 

C44, G21 and A43, A22 and U41, A21 and A39, and between base26 and base36, extruding this time 

the base U42 from the helical stack. 
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Figure 4: A) Schematic representation of the dynamic reversible conformation change involved during 

cleavage and ligation reactions (Walter et al., 1998), and B) the interactions involved in the docked 

conformation of the hairpin ribozyme (Rupert & Ferré-D’Amaré, 2001). 

2.2. Investigation of hairpin ribozyme variants 

Since the discovery of the hairpin ribozyme, different hairpin ribozyme variants have been 

engineered and designed over the years to well understand the working mechanism of the 

ribozyme and to create molecular tools for a broad range of applications.  

To understand the docked and undocked process, two-, three-, and four-way structures of the 

hairpin ribozyme have been used (Walter et al., 1999). The implication of the helical junction 

of the hairpin ribozyme in the equilibrium between docked and undocked conformation has 

been investigated. For this purpose, using the time-resolved FRET (tr-FRET), they compared 

the ability of three hairpin ribozyme variants, containing a two-, three, and four-way junction, 

to form and stabilize the active tertiary structure (Figure 5). The ribozyme variants were 

functionalized with a fluorescent donor at the 5’- end of the helix 1 and a fluorescent acceptor 

at the 3’-end of the helix 4. The conformation change equilibrium was then quantified by the 

tr-FRET. The four-way junction favored 95% whereas only 39% of the three-way junction was 

in docked conformation under standard conditions (12 mM MgCl2 and 17.8 °C). In both 
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magnesium and temperature-dependence experiments, they have also shown that the four-way 

junction, as found in the (-)-sTRSV RNA strand, had a higher number of docked fractions 

compared to the two- and three-way junction ribozymes. It showed that nature itself already 

optimized the ribozyme structure to obtain a favorable docking conformation.  

 

Figure 5: Two-, three- and four-way junction hairpin ribozyme variants functionalized with a donor 

(grey stars) and acceptor (filled grey dots) dye. The black arrows represent the cleavage site. (Walter et 

al., 1999). 

To confirm the importance of two domain interactions and the tertiary structure, the hairpin 

ribozyme has also been modified in a reverse way to study the relationship between the tertiary 

structure and the catalytic activity (Komatsu et al., 1995; Müller et al., 2012). The stem H1/H2-

loop A domain was separated from the stem H3/H4-loop B domain and the 5’-end of the helix 

1 was linked to the 3’-end of the helix 4 via oligonucleotides linkers (Figure 6A). Dependent 

on the linker length, the reverse-joined hairpin ribozyme variant was able to retain cleavage or 

ligation activity. An optimized version, using an eight-adenosine linker between the two 

domains, catalyzed the ligation of its specific substrate with 70% yield and a single-turnover 

constant rate of 1.1 min -1 (Ivanov et al., 2005). The flexibility given by the oligonucleotide 

linkers favors the formation of the tertiary structure, the sufficient proximity of the two 

domains, and therefore the domain-domain interactions, like the original hairpin ribozyme. 

Following the observation on the catalytic activity of the reverse ribozyme, another hairpin 

ribozyme has been designed using a three-way junction structure including a third stem-loop 

domain (Komatsu et al., 1997). The three-domains ribozyme can auto-cleave in the domain A’ 

after the T7 transcription from a DNA template, and then catalyze the trans-cleavage of RNA 

substrate containing a sequence from human inducible nitric oxide synthase (iNOS). The parent 

ribozyme was connected to a domain called A’ at the 3’-end of domain B (Figure 6B). The 

interaction between domain B and domain A’ allowed the self-trimming of the hairpin ribozyme 
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via a cis-cleavage process, giving a 2’,3’-cyclic phosphate like for the original hairpin 

ribozyme. 

 

Figure 6: Schematic representation of A) the hairpin ribozyme reverse-joined (Ivanov et al., 2005; 

Komatsu et al., 1995), B) the three stem-loop hairpin ribozyme (Komatsu et al., 1997). The black arrows 

represent the cleavage site. Dot lines represent the linker. 

Studies were done in the past years allowed also to create tools for a broad range of applications 

in molecular biology, medicine, or biosensing (Schubert & Kurreck, 2004). To mimic the repair 

of RNAs, a twin ribozyme was engineered with a double cleavage and ligation activity by 

tandem duplication of the hairpin ribozyme (Figure 7A) (Welz et al., 2003). For this purpose, 

the internal equilibration driving the cleavage and ligation activity of the hairpin ribozyme was 

exploited. The activity of the twin ribozyme can be control depending on the stability of the 

substrate (45 mer)/ribozyme and the RNA repair (49 mer)/ribozyme complexes. The twin 

ribozyme catalyzed, at two sites, the cleavage of the substrate 45 mer and the 16 mer fragment 

easily dissociated due to the instability given by the 4 mer single-strand loop. The two other 

fragments of the substrate stayed associate to the ribozyme, and the process was shifted toward 

ligation in the presence of the RNA repair 20 mer. The complex RNA repair/ribozyme was 

more stabilized than the complex substrate (45 mer)/ribozyme and can then shift the activity to 

ligation. Indeed, the repair 20 mer contained the complement bases to the 4 mer single-strand 

loop. After 24h incubation, 30% conversion to the repaired substrate (49 mer) was observed 

with the twin ribozyme derived from tandem duplication. Based on the same principle, a twin 

ribozyme using the reverse joined building block has been engineered (Figure 7B) (Ivanov et 

al., 2005). The two domains of the reverse-joined ribozyme, linked by a single-stranded linker 

containing eight adenosine residues, were connected to a three-way junction hairpin ribozyme. 

The twin ribozyme exchanged two RNA fragments with a yield up to 17%. A bulge of four 

nucleotides was introduced in the sequence exchange area to destabilize the substrate binding 
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and facilitate the exchange process. The twin ribozyme variants, being able to dissociate 

cleaved products and associate the new substrate, can be used as quick and easy repairing tools. 

The twin ribozyme was further used to mediate the repair of a mutated transcript of the 

CTNNB1 mRNA, encoding β-catenin, which plays an important role in the canonical Wnt 

signaling pathway (Balke et al., 2014).  

 

Figure 7: Schematic representation of fragments exchange process using A) a twin ribozyme (Welz et 

al., 2003) and B) hairpin ribozyme reverse joined twin variant (Ivanov et al., 2005). Dot lines represent 

the eight-adenosine linker. Filled dots represent the dyes used for the detection. Tiny black arrows 

represent the two cleavage sites. Bold arrows represent the two ligation sites. Red lines represent the 

cleaved fragment with is exchange by the green fragment. 

Most recently, the cleavage/ligation activity shifting of the hairpin ribozyme depending on the 

stability of the complexes has been used to design systems supporting RNA recombination. The 

hairpin ribozyme cleaved two non-functional RNA substrates and two of the resulting 

fragments cross-ligated to form functional RNA complexes. This strategy has been used to form 

a hammerhead ribozyme (Hieronymus et al., 2016) and a more complex hammerhead aptazyme 

(Hieronymus & Müller, 2021). The hairpin ribozyme catalyzed the cleavage of two substrates 

containing each a part of the functional RNA. The recombination of the functional RNA was 

subjected to a strand displacement mechanism. Substrate products that must cross-ligate were 
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designed to have a strong binding region to associate the hairpin ribozyme, while the two other 

fragments had a weak binding region to be easily released from the system. After the cleavage, 

the weaker binder fragment of the substrate was exchanged with the stronger binder fragment 

of the second substrate. The ligation reaction then occurred between the two stronger binder 

fragments to form the functional RNA. The recombinant hammerhead ribozyme was further 

able to catalyze the cleavage of an external substrate (Hieronymus et al., 2016). The 

recombinant hammerhead aptazymes were designed containing the theophylline aptamer or the 

FMN aptamer. Both theophylline and FMN hammerhead aptazyme products from the 

recombination showed allosteric regulation in the presence of the respective ligand for the 

cleavage of an external substrate (Hieronymus & Müller, 2021). 

Being able to regulate and switch the ribozyme activity also enabled the adaption and design of 

new methods that could further be used in different applications. A new hairpin ribozyme linked 

to an aptamer, a so-called hairpin aptazyme, was developed to regulate its activity in a reversible 

manner depending on the presence of a specific ligand (Strohbach et al., 2006). The helix 4 of 

the ribozyme was replaced by a communication module allowing the connection between the 

ribozyme and the flavin mononucleotide (FMN)-specific aptamer motif (Figure 8A). The 

binding of the FMN to the aptamer region induces a conformational change of the 

communication module allowing the stabilization of the loop B. The ribozyme motif was then 

able to form the docked conformation in presence of magnesium, necessary for the trans-

esterification reaction, and cleaved its specific substrate. 

 

Figure 8: Schematic representation of hairpin ribozyme variants controlled by an external factor. A) 

hairpin FMN aptazyme (Strohbach et al., 2006). Red part represents the communication module, and 

the grey box is the FMN aptamer. Filled dots represents the position of the dye. B) Mutated hairpin 

ribozyme activated with a complementary effector sequence (Vauléon & Müller, 2003). The red line is 

the complementary effector sequence containing C25. 
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The activation of the ribozyme can also be monitored by the addition of a complementary 

sequence to the helices 3 and 4, restoring the catalytic core of an inactive ribozyme (Figure 8B) 

(Vauléon & Müller, 2003). The essential C25 of the original hairpin ribozyme was mutated to 

G25 blocking the formation of a stable tertiary structure. In addition, helix 4 was destabilized 

using non-complementary base pair. The complementary effector sequence contained the C25 

and the nucleotides necessary to be fully complemented to helices 3 and 4. In the presence of 

small excess of the complementary sequence, the reactivated ribozyme reached around 95% of 

cleavage. This activation method has been tested on both two and three-way junction hairpin 

ribozyme. 

The hinge region of the hairpin ribozyme is a flexible linker permitting the conformational 

change of the tertiary structure to an active/inactivate catalyst. This hinge has also been adapted 

to allow the control of the hairpin ribozyme activity. For this purpose, a third regulation domain 

was integrated at the hinge region of the ribozyme. In a first hairpin ribozyme variant, this third 

domain, called domain C, was used to monitor the ribozyme activity caused by the binding 

effect of an oligonucleotide (Najafi-Shoushtari et al., 2004). The domain C was added between 

helix 2 and 3 and linked to the ribozyme via a pseudo-three-way junction (Figure 9A). This 

construct formed an additional loop-stem region stabilizing the active docked conformation 

over the undocked one, and it permitted to avoid unspecific interactions. Domain C contained 

the complement bases of the 3’-region of effector mRNA sequence (trp-mRNA). In presence 

of this effector mRNA, the hairpin ribozyme was inactivated due to the complete binding of the 

domain C to the trp-mRNA forming a double-stranded RNA. The activity of the hairpin 

ribozyme was reactivated by trapping the trp-mRNA sequence with the trp-mRNA-binding-

attenuation protein (TRAP). The TRAP proteins bind the leader sequence region of the mRNA 

when L-tryptophan is located on the peripherical cavity of the protein. The recognition of the 

TRAP protein is highly specific to the L-tryptophan, D-tryptophan did not activate the TRAP 

sequestration of the trp-mRNA. The sequestration strategy allowed the ribozyme to restore 

>80% of its activity. A similar hairpin ribozyme variant was also designed where the trp-mRNA 

effector induced conformational changes to activate the ribozyme activity (Najafi-Shoushtari 

et al., 2004). In this variant, a part of the domain C corresponded to the complement sequence 

of domain A preventing the annealing of the substrate and therefore the cleavage. The ribozyme 

was reactivated due to the hybridization of the domain C with the 3’-region of the trp-mRNA 

sequence. The domain A annealed then the substrate, the docked conformation was permitted, 

and the cleavage reaction was able to happen. The TRAP/L-tryptophan complex trapped the 

trp-mRNA to reversibly inactivate the ribozyme activity. 
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Figure 9: A) Competitive allosteric regulation of the hairpin ribozyme with trp-mRNA oligonucleotide 

and TRAP protein (Najafi-Shoushtari et al., 2004). The terminal connecting sequence is represented in 

red, and in green is the trp-mRNA. B) Competitive allosteric regulation of the hairpin ribozyme with 

FMN and ssDNA oligonucleotide (Najafi-Shoushtari & Famulok, 2005). The FMN aptamer is 

represented in red, and the inhibitory DNA is marked in green. 

The third domain C used to control the hairpin ribozyme activity was also directly 

corresponding to a functional RNA, the FMN aptamer (Najafi-Shoushtari & Famulok, 2005). 

The 21-nucleotide-long FMN aptamer allowed the allosteric induction of the substrate cleavage 

activity of the hairpin ribozyme by the FMN (Figure 9B). The binding of the FMN to the 

aptamer region facilitated the docking process and therefore the interactions between the 

domains A and B. The hairpin ribozyme exhibited two to four-fold higher cleavage activity 

upon FMN binding compared to the variant without FMN. The ribozyme activity was then 

decreased by the addition of DNA oligonucleotide hybridizing the FMN aptamer region. The 

complex formed an extended structure inhibiting the cleavage of the substrate. The inhibitory 

effect of the DNA oligonucleotide competed with the presence of FMN probably resulting in a 

population equilibrium of the two bent and extended ribozymes. 

With a clever structural design, ribozymes can easily be adapted, extended, or functionalized to 

serve different purposes and be used in a broad range of applications. 
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2.3. Split hairpin ribozyme systems 

For a few years, new strategies have emerged based on split systems to create new tools for 

biosensing. However, only a few studies have been done concerning the engineering of split 

ribozyme systems (Debiais, Lelievre, et al., 2020). As explained above, the hairpin ribozyme 

is a small and simple system, but it involves a complex tertiary structure with conformational 

changes to activate its functionality. Therefore, the design of split-hairpin ribozyme systems 

appears to be challenging. The split-site needs to be carefully chosen to limit perturbations and 

maintain the ability of the ribozyme to bind the substrate, regain stability and then form the 

docked conformation required for the reaction to take place. 

The first fragmented hairpin ribozyme was used to study the reconstitution capacity of the 

ribozyme for a better understanding of the overall ribozyme mechanism by demonstrating that 

the interdomain interactions are required for catalytic (Butcher et al., 1995). Here, domain A 

was separated from domain B at the junction between helices 2 and 3 (Figure 10A). The domain 

B was stabilized by the extension of the helix 4 with seven base pairs and a stable tetraloop. 

This stability ensured that only the active and cross-linkable conformation of the loop B domain 

was formed. Cleavage of the substrate, between G+1 and A-1, was detectable when the loop B 

domain was incubated with the duplex substrate/substrate-binding strand. Active interactions 

were then shown between the two split-ribozyme fragments. However, the fragmented 

ribozyme was less active compared to the parent ribozyme. 

The behavior between the parent and the split-ribozyme variants can significantly differ but not 

only with a negative effect. The cleavage activities of different two-stranded and three-stranded 

hairpin and reverse-joined ribozymes have been compared under different conditions (Welz et 

al., 2001). The classic two-stranded hairpin ribozyme variants investigated were differing in 

the length of the helix 4 and the nature of the wild-type loop (Figure 10B). As previously 

explained, the two-stranded reverse-joined hairpin ribozyme was designed with the loop A 

domain attached with an A8-linker at the 3’-end of the loop B domain (Butcher et al., 1995). 

The three-stranded variants (Chowrira & Burke, 1992) consisted of opening the wild-type loop 

and elongating the helix, to stabilize the formation of the loop B domain. Under standard 

reaction conditions (10 mM MgCl2), all the two- and three-stranded hairpin ribozyme variants 

showed similar catalytic activity whereas the cleavage rate (kobs) of the parent reverse-joined 

hairpin ribozyme was 15-fold faster than for the three-stranded variant. Replacing MgCl2 by 12 

mM spermine during the cleavage reaction significantly impacted the activity of the three-
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stranded reverse-joined ribozyme. The kobs was increased by 7.5-fold, while the activity of the 

parent variant was intact, and by 62.5-fold in buffer containing 10 mM MgCl2 and 2 mM 

spermine. The stability of the loop B domain ensured by the wild-type loop in the parent variant 

was compensated by the presence of the spermine for the three-stranded variant of the reverse-

joined hairpin ribozyme. However, the spermine alone induced a decrease of the activity for all 

two- and three-stranded hairpin ribozyme variants. The kobs of the three-stranded hairpin 

ribozyme was increased in buffer containing MgCl2 and spermine while the cleavage activities 

of the two-stranded variants were the same as in only 10 mM MgCl2. The three-stranded 

ribozyme and reverse-joined ribozyme demonstrated their catalytic potential compared to their 

corresponding parent ribozyme variants. 

 

Figure 10: A) Two domains reconstitution of the hairpin ribozyme (Butcher et al., 1995). B) Schematic 

representation of the two- and the three-stranded version of the hairpin ribozyme (right) and of the 

reverse-joined hairpin ribozyme (left) (Welz et al., 2001). The grey box represents the area that has been 

changed for the variant’s design. The dotted line on the reverse-joined ribozyme represents the A8-linker. 

The black arrows show the cleavage site on the substrate. 

The fragmentation strategy has also been used on other types of ribozymes. A new detection 

method was published using a split version of the group intron I of the ciliated protozoan 

Tetrahymena thermophila ribozyme (Hasegawa et al., 2006). The detection of mRNA in 

mammalian cells was successfully done via a system connecting one end of a ribozyme 

fragment to the end of an mRNA antisense strand, using a linker sequence (Figure 11). The 
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second part of the ribozyme was connected to the coding sequence of nonsecreted TEM-1 β-

lactamase. The mRNA antisense strand hybridized to the targeted mRNA, allowing the 

ribozyme fragments to assemble and splice the coding sequence of TEM-1 β-lactamase. The 

synthesized proteins catalyzed the hydrolysis of β-lactam linked to umbelliferone which emitted 

fluorescence used for the detection. This assay shows advantages; the fluorescence signal is 

amplified by the high number of synthesized proteins with one coding sequence. The system 

can also be adapted for the detection of different types of mRNA targets. 

 

Figure 11: Schematic representation of the mRNA detection via the use of split ribozyme strategy 

(Hasegawa et al., 2006) 

The design of the split-ribozyme systems has not yet been intensively exploited. It consists of 

fragmented the parent ribozyme into two non-functional RNA pieces and analyzes the capacity 

of reassembly to the original catalytic structure. The synthesis of those non-functional 

fragments is easier than the synthesis of the full-length catalytic system. For the few examples 

cited, the use of split-ribozymes has been successfully used but the number of research 

demonstrates the challenge of this strategy due to their complex catalytic structures. 

2.4. Borono-modified nucleic acids 

Studying the ability of DNA/RNA pieces to assemble and form a functional DNA/RNA system 

would be promising for different applications. In the past years, a new boronate internucleosidic 

linkage was developed to hold and stabilize the assembly of nucleic acid. 

Boron (electron configuration 1s2 2s2 2s1), an abundant element on earth, has three valence 

electrons permitting to form a neutral trivalent compound with a trigonal planar geometry. The 

boron atom is sp2 hybridized due to the empty p-orbital making it electron deficient. 
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Organoboron compounds were classified into different families depending on their substituents: 

boranes (BR3), borinic acids (BR2(OH)), boronic acids (BR(OH)2), boric acids (B(OH)3), 

boronic esters (BR2(OR)), boronate esters (BR(OR)2), borate esters (B(OR)3) and finally 

boronamides (BR(NR2)2). Over the years, organoboron compounds found a broad range of 

utilization in different fields of research and industries, like for therapeutic applications. Indeed, 

boron compounds are also present in living systems, for example, boric acids are essential 

compounds present in cell walls and membranes of plants (Goldbach & Wimmer, 2007). 

Studies pointed out that boron was a relevant element in prebiotic time and that ribose was 

stabilized by the formation of the borate ester (Kim et al., 2016; Ricardo et al., 2004). Boron 

further became an interesting element for potential theories on the RNA world scenario. More 

generally, the different interactions between organoboron compounds and nucleic acids were 

then deeply studied (Martin et al., 2013).  

The synthesis of the 5’-boronic acid thymidine was developed to create the new borono-linker 

between two nucleosides (Figure 12) (Luvino et al., 2008). The 3’-O-tBDMS-5’-aldehyde 

thymidine was produced from 5’-O-dimethoxytritylthymidine to be then converted into an 

alkyne. The reduction of the alkyne to the alkene allowed the hydroboration of the nucleotide 

to obtain the 5’-boronic acid thymidine after a desilylation step under acid conditions. This new 

synthesis gave a 31% overall yield reaction.  

 

Figure 12: Reversible formation of a dinucleotide from free uridine and a 5’-borono-modified thymidine 

derivative (Luvino et al., 2008). 

The 5’-boronic acid thymidine was then able to couple a nucleoside via the formation of a 

boronic acid ester with the 2’,3’- cis-diol (Luvino et al., 2008). They studied the binding affinity 

(Ka) of the 5’-boronic acid thymidine with different cis-diols, the uridine, ribocytidine, and the 

four ribonucleotide monophosphates (AMP, CMP, GMP, and UMP). The boronate formation 

showed a better selectivity to the cis-diol of the ribocytosine than to the uridine (Ka= 200 and 

95 M-1, respectively). The cis-diol of ribonucleotide monophosphates significantly increased 
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the reaction with the 5’-boronic acid thymidine due to the better hydration preferencing the 

north-like conformation with the axial orientation of the uracil and cytosine. Comparing the 

coupling constants linking H1’-H2’ from the H1-NMR spectrum of the free uridine and the 

dinucleotide, they were able to confirm that the formation of the boronate changed the sugar 

puckering. In its free state, the uridine favored an equilibrium of 60% C2’-endo (south) and 40% 

C3’-endo (north) conformation, while the uridine from the dinucleotide showed 75% of C3’-

endo conformation. The boronate ester conducts the sugar pucker of the adjacent ribonucleotide 

to an RNA-like behavior. 

 

Figure 13: A) Schematic representation of the DNA-templated boronic acid ester formation (Martin et 

al., 2011) and B) RNA-loop formation via an internucleosidic boronate linkage (Molina et al., 2018). 

Red lines are the templated strands, filled grey dots are the 3’-1,2-cis-diol end, black and red filled dots 

are the boronic acid and boronic acid ester positions, respectively. 

Using this analog, they studied the dynamic and reversible DNA-templated ligation of two 

strands able to form a cyclic boronic acid ester between the 5’-boronic acid thymidine of one 

strand and the cis-1,2-diol at the 3’-end of the second strand (Figure 13A) (Martin et al., 2011). 

The stability of the duplex was studied at different pH values by UV thermal denaturation. The 

results showed an increased stabilization of the boronate-ligated duplex at pH > 7.5. Indeed, at 

higher pH, the boronate forms hydroxyboronate rehybridizing the boron from sp2 to a 

tetrahedral sp3 anion and forming a thermodynamically stable complex (Figure 12). The pKa of 



2. Engineering new hairpin ribozyme variants 

21 

the boronate might be, in some cases, a critical factor. For example, the phenylboronic acid 

(pKa 8.8) forms a boronate with the D-glucose (pKa 6.8) above pH 9, but the maximal 

esterification with adenosine occurs at pH 7.8 which is 1.1 pH unit below the pKa of the 

phenylboronic acid (Liu & Scouten, 1994). 

For a similar purpose, the same working group recently published the synthesis of the 5’-

boronic acid uridine derivative and studied the reversible formation of an RNA-templated 

boronate ester ligation (Figure 13B) (Molina et al., 2018). The formation of reversible dynamic 

internucleosidic linkages brings two RNA molecules the ability to self-repair, self-replicate, 

and self-adapt to their environment. The boronic acid ester formation does not need a post-

activation of the boronic acid or additional component to the process. In addition, they also 

found out that an RNA loop can be formed via an intramolecular boronate linkage giving a 

hairpin structure which is an essential secondary structure of RNA. Indeed, loops have many 

important roles in the molecular process as they can be the protein recognition motif or protect 

against degradation (Svoboda & Cara, 2006). 

Boron-modified systems would not only help to understand the emergence of life but also 

provide potential tools for biotechnology and therapeutic applications. However, the stability 

of the system in nuclease-containing mediums is a major problem for therapeutic method 

development. Therefore, boron-modified single- and double-stranded DNA sequences were 

studied to evaluate their degradation with different nucleases (Reverte et al., 2015). 

Incorporating boronic acid modification at the 5’-end of ssDNA or dsDNA sequence 

significantly increased the stability against nucleases, like snake venom phosphodiesterase 

(3’→5’) and calf spleen phosphodiesterase (5’→3’). Interestingly, boronate internucleosidic 

linkage present in a dsDNA system also protected the template and the partner strands against 

nuclease degradations. 

2.5. Development of new borono-modified ribozyme variants 

In the present work, we engineered new split-hairpin ribozyme systems containing boronic acid 

function at the 5’-end of one fragment. As explained above, the 5’-end boronic acid of one 

ribozyme fragment would form a cyclic boronic acid ester with the cis-1,2-diol at the 3’-end of 

the second ribozyme fragment. The boronate linkage would covalently hold the two fragments 

together and therefore stabilize the structure of the formed ribozyme. The cleavage activity of 

the modified ribozyme would be recovered or improved compared to the activity of the 

unmodified split ribozyme (Figure 14). 
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Figure 14: Schematic representation of the new split-ribozyme strategy based on borono-based modified 

hairpin ribozyme. The black arrows represent the cleavage site on the substrate, the filled grey dots 

represent the cis-1,2-diol at the 3’-end, the filled black dots represent the 5’-end boronic acid function, 

and the filled red dots represent the boronate ester formation. 

To further incorporate boronic acid modifications in the ribozyme system, the split region must 

be chosen to minimize the risk of disturbance in the structure and loop-loop interactions of the 

ribozyme. The student Mégane Debiais-Corbiere from the University of Montpellier focused 

on the synthesis of 5’-borono-modified thymidine and uridine derivatives; therefore, the split 

regions were chosen to have uridine at the 5’-end of the second fragment. Due to the complexity 

of interactions involved in the loops, we first focused on a templated boronic acid ester 

formation, and therefore, two first split regions were then chosen in helix areas. The first split-

ribozyme variant fragmented between G11 and U12, in the helix 2, was composed of split A 

(from A1 to G11) and B (from U12 to U49) HPWTL2 (red letters on Figure 15A). The A/B 

ribozyme variant was expected to severely impact the catalytic activity of the ribozyme due to 

the critical position of the split region. The second split-ribozyme variant, composed of the split 

C (from A1 to G33) and D (from U34 to U49), was fragmented in helix 4 (blue letters on Figure 

15A and B). Following interesting cleavage results observed with borono-modified DNAzyme 

variants (section 8, p. 73), two additional split regions in loop B were added later to the study. 

According to the bases involved in loop-loop interactions of the dock conformation, the third 

system was composed of split F and G (cut between G36 and U37, green letters in Figure 15 A 
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and B) and the fourth with split H and I (cut between A38 and U39, purple letters in Figure 15 A 

and B). 

 

Figure 15: A) Secondary structure of the hairpin ribozyme showing the different split-regions and B) its 

corresponding dock conformation with the loop-loop interactions. The light grey dotted lines represent 

the split-regions, and the colored letters are the name given to the new split-ribozyme strands. The black 

arrow shows the cleavage site of the substrate. The filled grey dot at the 5’-end of the substrate shows 

the ATTO680 position. C) Structures of 5‘-boronic acid modifications used in this study. 

During this project, the last 5’-uridine of each fragment was replaced by either a borono-

nucleoside derivative, the boronic acid uridine (bU) or the boronic acid thymidine (bT), or with 

phenylboronic acid (bPh) and naphthalene boronic acid (bNa) (Figure 15C). The boronic acid-

modified bU and bT were previously prepared with appropriate protecting groups by the Ph.D. 

student Mégane Debiais-Corbiere from the University of Montpellier. After the synthesis of the 

modified ribozyme fragments, the different activities were then studied in the laboratory via a 

method combining gel electrophoresis and fluorescence detection.
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3. Principle of experimental methods 

3.1. Chemical RNA synthesis by the phosphoramidite approach 

Chemical synthesis of oligonucleotides is commonly using the phosphoramidite method for 

short RNA or DNA sequences (Scaringe et al., 1990). The principle is based on the repetition 

of different steps allowing the one-by-one addition of nucleoside to the 5’-OH of a growing 

polynucleotide. The solid-phase method synthesis, used in the lab, consists of coupling a 

nucleoside in solution to the extending sequence bound to insoluble support in the 3’→ 5’ 

direction. The first nucleoside is attached on its 3’-hydroxyl group to the solid support, 

generally controlled pore glass (CPG) (Figure 16A), or polystyrene. 

 

Figure 16: A) CPG solid support structure (Blackburn et al., 2006). B) Guanosine monomer with 

standard protecting groups used in RNA synthesis. 

To properly synthesize an oligonucleotide sequence, the nucleoside units must be protected at 

different positions. The 5’-hydroxyl groups of nucleosides are protected with a 4,4’-

dimethoxytrityl group (DMT) which is easily removable under acidic conditions (Figure 16B). 

The exocyclic amino groups present in the nucleobases must be also protected during the 

synthesis mostly with acyl groups, the benzoyl for the adenine and cytosine, and the isobutyl 

group for the guanine. Those protecting groups are easily removed during the first step of the 

deprotection procedure in concentrated ammonia for DNA and a solution of 

ammonia/methylamine for RNA oligonucleotides. However, a lot of other acyl groups, like 

phenoxyacetyl (PAC), (4-isopropylphenoxy)acetyl (iPr-PAC), or (4-tert butylphenoxy)acetyl) 

(TAC), and also fluoride-labile, cyano-ethyl or cyano-ethoxy carbonyl, benzyloxycarbonyl 

protecting groups have been developed in the past years (Meher et al., 2017). In RNA synthesis, 

the 2’-hydroxyl group is generally protected with the tert-butyldimethylsilyl group (TBDMS), 

stable during the detritylation step, and is removed with fluoride ion at the end of the sequence 
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preparation (Ogilvie et al., 1974). In the phosphoramidite method, the 3’-hydroxyl group of the 

nucleoside added to the growing sequence is functionalized by N,N-diisopropyl O-alkyl 

phosphoramidite where the alkyl can be either methyl or 2-cyanoethyl group. 

 

Figure 17: The cycle of oligonucleotide synthesis by phosphoramidite method with the steps marked in 

red. The filled grey dot represents the solid support. 

A small column containing 1 µmol of the first nucleoside bound to the solid support is 

introduced in the RNA synthesizer. Reagents, solvents, and amidites, in solution, pass through 

the column to synthesize a sequence previously enter in the DNA synthesizer software. The 

oligonucleotide synthesis starts with the deprotection of the DMT group on the 5’-hydroxyl 

group of the nucleoside-support, called detritylation (Figure 17, step 1). This step takes place 

in dichloromethane containing 3% dichloroacetic acid. The dimethoxytrityl cation, released 

during this reaction, gives an intense orange color quantified by an UV-visible spectrometer. 

The nucleoside n+1 phosphoramidite is activated with 5-benzylmercaptotetrazole (BMT) in 

acetonitrile to then be coupled to the 5’-OH of the growing strand (Figure 17, step 2) (Welz & 

Müller, 2002). The third step consists of eliminating the uncoupled sequence residue via an 

acetylation reaction, called capping (Figure 17, step 3). The capping reagents are a mixture of 
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N-methylimidazole:MeCN (1:5, v:v) and acetic anhydride:2,4,6-trimethylpyridine (or 

collidine):MeCN (2:3:5, v:v:v). The final step of the cycle round is the oxidation of the 

phosphite to the phosphate triester in 0.01 M iodine with 2,4,6-trimethylpyridine:water:MeCN 

(1:5:11, v:v:v) (Figure 17, step 4). Oxidation reagent containing 0.1 M iodine in 

THF:water:pyridine can also be used during synthesis (Debiais et al., 2021). The round is then 

repeated for the addition of each wanted nucleosides until the sequence is complete. 

Once the strands are synthesized, the deprotection procedure starts with removing the acyl 

groups on nucleobases, β-cyanoethyl groups, and the solid support using a mixture of (1:1) 32% 

ammonia:methylamine in ethanol. The 2’-hydroxyl group is then deprotected with a solution 

of (1:3) dried DMF:tryethylamintrishydrofluoride (Gasparutto et al., 1992). The product 

obtained at this step contains the wanted strand but also capped-unreacted residues from every 

cycle of the synthesis. Therefore, oligonucleotides are purified using two methods, either 

polyacrylamide gels electrophoresis (PAGE) or anion exchange high-performance liquid 

chromatography (HPLC). In both cases, the purification is done under denaturing conditions, 

the gel solution contains 7 M urea and the anion-exchange HPLC procedure uses sodium 

gradient buffer containing 6 M urea at 70 °C (Pitsch et al., 2001). 

This synthesis method presents the advantage of the possibility to insert modifications in the 

sequence. The oligonucleotide is synthesized one by one; therefore, the modification can be 

added at any desired position for further RNA/DNA studies. In this work, the borono-modified 

building blocks, previously converted on phosphoramidite, were added at the last coupling step 

of the sequence synthesis to obtain a strand containing the boronic acid function at the 5’-end 

of the sequence. 

3.2. Enzymatic RNA synthesis 

For oligonucleotide longer than 50 residues, the enzymatic synthesis is more efficient and 

cheaper than the phosphoramidite process. The first step of this method is the Klenow reaction 

allowing the synthesis of DNA-matrix from two primers, called primer forward and reverse 

(Figure 18). The Klenow primer forward must be designed to further obtain the DNA-matrix 

containing essential elements at 5’-end to ensure the in vitro transcription, T7 polymerase 

promotor, and starting sequence. The hybridization of the two primers is stabilized using a 

complementary part of around 20 nucleotides. The Klenow polymerase starts the synthesis at 

the overlapping region by extension of the primers in the 5’→3’ direction in the presence of 

deoxyribonucleoside triphosphates (dNTPs), giving a double-stranded DNA matrix. This 
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enzyme is a fragment from the E. coli DNA polymerase I, keeping the 5’→3’ polymerase, 

3’→5’ exonuclease, and strand displacement activities. The DNA template is then isolated via 

a native polyacrylamide gel purification and ethanol precipitation. 

 

Figure 18: Schematic representation of the Klenow reaction, taking place in presence of Klenow 

polymerase and dNTPs, and in vitro transcription reaction with T7 RNA polymerase and NTPs. The 

grey line represents the promotor sequence, 5’-TAA TAC GAC TCA CTA TA-3’, and the red line is 

the starting sequence, 5’-GGG AGA-3’. The filled grey cycle represents the T7 RNA polymerase. 

The resulting double-stranded DNA contains at the 5’-end of the coding strand the T7 

polymerase promotor sequence. This sequence is 17 nucleotides long and enables the binding 

of the T7 RNA polymerase with high specificity which is stabilized with MgCl2. The promotor 

is followed by a T7 polymerase dependent-sequence, 5’-GGG AGA-3’, permitting the enzyme 

to efficiently start the synthesis of the RNA sequence in a 5’→3’ direction from ribonucleoside 

triphosphates (NTPs) pools. This starting sequence is then found at the 5’-end of the RNA 

sequence. The polymerase proceeds to the transcription until it reaches a termination signal or 

until the end of the template. Once the reaction is ended, the DNA matrix is digested with the 

deoxyribonuclease (DNAse 1), catalyzing the hydrolysis of DNA, and releasing free 

nucleotides and phosphate. The transcript RNA is further purified using a polyacrylamide 

(PAA) gel under denaturing conditions. 

3.3.  Enzymatic ligation 

The in vitro transcription method is broadly used in laboratories due to its efficiency, ease, and 

low-cost procedure, however, it presents a major drawback. The use of this synthesis method 

does not allow the incorporation of internal modifications at specific positions. To overcome 

this problem, one part of the RNA sequence containing the modified nucleoside was 

synthesized via the phosphoramidite method to further be ligated to the rest of the RNA. 
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The ligation process can occur between single or double-stranded oligonucleotides in presence 

of polynucleotide ligases. In presence of the cofactor adenosine triphosphate (ATP), enzymes 

ligate the 5’-phosphate group of one strand to the 3’-hydroxyl group of the second strand. Three 

enzymes are commonly be used for ligation: T4 DNA ligase (T4 Dnl), T4 RNA ligase 1 (T4 

Rnl1), and T4 RNA ligase 2 (T4 Rnl2). The T4 Dnl can ligate the 3’-OH from RNA or DNA 

strands to the 5’-phosphate of DNA strands (Sekiguchi & Shuman, 1997). On the other hand, 

the RNA ligase catalyzes the ligation of the 3’-OH from RNA strands with the 5’-phosphate of 

either DNA or RNA oligonucleotides (Nandakumar & Shuman, 2004). The T4 Rnl1 is 

preferentially used for ligation of single-stranded RNAs, while the T4 Rnl2 is more efficient in 

the ligation of double-stranded RNAs. 

For the three ligases, the process starts with the adenylation of the ligase by ATP (Figure 19). 

The adenosine monophosphate (AMP) is then transferred from the enzyme to the 5’-phosphate 

of one of the oligonucleotides, resulting in the formation of a diphosphate bridge between AMP 

and the oligonucleotide. The 3’-hydroxyl group of the second strand acts as a donor and cleaves 

the bridge via a transesterification mechanism to form the complete wanted molecule. 

 

Figure 19: Ligation reaction of two RNA fragments (RNA1 and RNA2) catalyzed by the ligase in 

presence of ATP. 

To avoid undesired ligated products and optimize the yield, the two oligonucleotides are 

brought into proximity with a splint sequence. Depending on the ligase, the nature of the 

complementary strand changes the efficiency of the ligation (Bullard & Bowater, 2006). The 

T4 Dnl requires a DNA splint for optimization of DNA-DNA and RNA-DNA ligation. 

However, T4 Dnl should not be used for RNA-RNA ligation even in presence of a DNA splint. 

T4 Rnl2 shows good activity with RNA and DNA splints but gives a higher ligation yield with 

the RNA splint for RNA-RNA and RNA-DNA ligations (Ligase chart NEB). The splint must 

be perfectly hybridizing the 3’-end of the fragment containing the hydroxyl group and the 5’-

end of the phosphorylated strand. The length can be adapted to the oligonucleotide fragments, 
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higher alignment efficiency is obtained with 20 nucleotides hybridized in both sides of the 

junction but can be decreased to 10 nucleotides. To optimize the process, the splint, donor, and 

acceptor oligonucleotides should be present in equal molar amounts and in minimum volume 

to have concentrated solutions for reaction. One of the fragments can be added in excess if 

necessary but not the splint. Indeed, if the splint is added in excess in the reaction, the fragments 

could hybridize two different splint units and inhibit the proximity of the two reacting ends of 

the fragments. 

The ligation reaction can be incubated at 30 °C for 4h or at 20 °C overnight. After the reaction, 

the ligation product is purified from non-ligated fragments and the splint with a denaturing PAA 

gel. The overall ligation yield is generally low; therefore, this RNA preparation process should 

be used if no other method is possible. 

3.4.  Determination of the ribozyme cleavage activity 

In this project, the cleavage activity of the ribozyme was used as an indicator of the fragmented 

ribozyme re-assembly. Observing cleavage products from a mixture of split-ribozymes and 

substrate allowed us to conclude if fragments can re-assemble and reform the hairpin ribozyme 

recovering its cleavage activity. 

 

Figure 20: Labeling reaction between the amino group of the functionalized RNA and the NHS-ester 

ATTO680 in sodium carbonate (NaHCO3) and DMF buffer. 

To make the substrate sequence used in the cleavage assay suitable for detection methods like 

with LiCOR-DNA sequencer or fluorometer, the RNA can be functionalized with different 

dyes. A lot of dyes are commercially available, some of them are already connected to the 

nucleoside and others are not, like for ATTO dyes. Nucleosides used during the chemical 

synthesis can be bought with specific groups, for example with an amino linker or an azide 



3. Principle of experimental methods 

30 

function. Depending on the groups used on the synthesized sequence, it is possible to choose 

the corresponding functionalized ATTO dye. A list of different ATTO modified with specific 

groups is also easily available on the market. The dye used for the LiCOR-DNA sequencer 

detection method is ATTO680. Therefore, the substrate is modified at its 5’-end with a C6 

linker amino group (Figure 20). After deprotection and purification, the substrate is mixed with 

NHS ester-ATTO680 in carbonate buffer and DMF resulting in a nucleophilic attack of the 

amino function onto the activated carboxyl function of the dye-linker to obtain the 5’-ATTO680 

labeled RNA. 

 

Figure 21: Principle of the cleavage assay used on the hairpin ribozyme system with LiCOR-DNA-

sequencer detection method. The filled grey dot represents the position of the ATTO680; the black arrow 

shows the cleavage site on the substrate. Example results presented were obtained from 1:1 ribozyme 

HPWTL2: substrate reaction at 37 °C with 10 mM MgCl2 in 50 mM Tris-HCl buffer at pH 7.5. The 

reference lane indicated on the gel corresponds to the substrate alone. 

The cleavage capacity of the hairpin ribozyme on its corresponding substrate is studied in vitro. 

The hairpin ribozyme is mixed with its corresponding substrate, here a 29 mer RNA labeled on 

the 5’-end, in 50 mM Tris-HCl Buffer (Figure 21). The cleavage of this 29 mer substrate has 

previously been shown to be as efficient as the cleavage of a shorter 14 mer substrate (Strohbach 

et al., 2006). The 29 mer substrate was already available in the laboratory and therefore used 

during this work. The cleavage reaction is started by the addition of MgCl2 after a pre-

incubation step and generally takes place at 37 °C. As explained in Figure 2 (p. 5), the ribozyme 

catalyzes the cleavage of the substrate. To follow the evolution of the reaction, aliquots from 
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the reaction medium are collected at certain times and mix in a solution containing urea and 

EDTA called StopMix, to stop the ribozyme activity. The magnesium ions necessary to form 

the docked conformation are then chelated by the EDTA. Additionally, the urea induces 

denaturing of the overall ribozyme-substrate structure. Therefore, the dilution in StopMix 

solution switches off the ribozyme activity. 

Collected samples from the reaction contain uncleaved and cleaved substrates with a different 

length which can then be purified through an analytical denaturing electrophoretic PAA gel 

specific to the LICOR-DNA-sequencer. The gel is polymerized between two glass plates with 

0.25 mm thickness and is positioned vertically against the LiCOR with two 0.6x TBE buffer 

chambers connected with electrodes, on the upper and bottom parts of the gel. The samples are 

introduced in the pockets on the top of the gel and run through the gel with different migration 

times depending on labeled-sample sizes. The LICOR sequencer contains a laser at 700 nm 

used to excite the dye and moves permanently horizontally at the bottom part of the gel. When 

RNAs labeled with ATTO680 pass in front of the laser, the dye is excited, and the radiation 

emitted is detected by the detector. Only the dye-fragmented and the uncleaved substrate can 

be detected by the laser; the second substrate fragment and the ribozyme being unlabeled. This 

method has the advantage to be highly sensible; less than 1 fmol of the labeled substrate can be 

detected with the sequencer. The gel is scanned during all the process and the picture is real-

time followed on the computer. The intensities of the bands are quantified with the Image Studio 

Lite Version 5.2 software by integration of peak areas. The yield is determined by measuring 

the ratio between the intensities of the cleaved substrates and the overall signal corresponding 

to bands cleaved and uncleaved substrates in the same lane. Therefore, the LICOR data are 

converted to a curve given as cleavage efficiency (%) = f(t). 

In general, the ribozyme activity follows the Michaelis-Menten kinetics because of the 

exponential evolution of the reaction. Two approaches can be used to determine the kinetic 

constant using an excess of one component to carry on the reaction, either with an excess of the 

substrate (multiple-turnover condition) or an excess of the ribozyme (single-turnover 

condition). The single turnover conditions, principally used in this work, ensure that every 

substrate is bound to a ribozyme to get cleaved and make the dissociation constant involved in 

the kinetic mechanism fast and negligible. The weak binder’s characteristic of the cleaved 

substrate products also ensures an unfavored ligation process and therefore can be ignored to 

simplify the kinetic equation (Figure 22). 
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Figure 22: Kinetic skin of the hairpin ribozyme cleavage under single-turnover conditions. 

The time curve obtained for the hairpin ribozyme cleavage reaction can be fitted using the 

following equation (Stage-Zimmermann & Uhlenbeck, 1998): 

 𝐴(𝑡) = 𝐴(𝑡0) + 𝐴(1 − 𝑒−𝑏𝑡) (1) 

where A(t) is the percentage of the cleaved substrate at t (or cleavage efficiency), A(t0) is the 

percentage of the cleaved substrate at t = 0 min (A(t0) = 0), A is the amplitude giving the final 

cleavage efficiency of the reaction, and b is the curve slope representing the observed cleavage 

rate constant (kobs). 
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4. Synthesis of borono-modified sequences 

4.1.  Phosphoramidite synthesis of boronic acid modified RNAs 

To have suitable compounds for the chemical RNA synthesis, the 4-hydrophenylboronic acid 

and the 6-hydroxyl-2-naphtylboronic acid were bought with a pinacol ester protecting group (1 

and 3, Figure 23). The nucleosides derivatives 5 and 7 were previously synthesized and 

protected with the N-methyliminodiacetic acid group (MIDA) by Mégane Debiais in the 

laboratory of Prof. Michael Smietana at the University of Montpellier. 

 

Figure 23: A) Phosphorylation of the 4-hydroxyphenyl boronic acid pinacol ester in presence of 

phosphorylation reagent CEP-Cl and DIEA in DCM. B) Conversion of the other boronic acid derivatives 

to phosphoramidite building blocks. 

The MIDA protecting group is commonly used in boronic acid chemistry. Indeed, the nitrogen 

atom stabilizes the empty p-orbital of the boron resulting in the formation of the sp3 hybridized 

boronate ester and a reduction of the ring strain, similar to the effect of a hydroxyl anion, when 

binding to the boron ester. The derivative 7 was also protected on its 2’-hydroxyl group with a 
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TBDMS group. The four building blocks were converted to the corresponding phosphoramidite 

using 2-cyanoethyl-N,N-diisoprpopylchloro-phosphoramidite (CEP-Cl) as reagent (Figure 23 

and Table 1). The reaction vessels, reagents, and solvents used for the synthesis were pretreated 

to be in strict water-free conditions to avoid the hydrolysis of the phosphoramidite. 

Table 1: Phosphoramidite synthesis conditions of boronic acid derivatives 1, 3, 5 and 7 presented on 

Figure 23 

Reaction conditions Purification conditions 

Educt CEP-Cl  DIEA  Solvent Time  Solvent  Product Yield 

1 1.5 eq. 1.8 eq.  DCM 4 h Hexane/EA/TEA 

80/10/10 

2 27% 

3 1.8 eq. 2.3 eq.  MeCN 3 h Hexane/EA/TEA  

85/13/2 

4 36% 

5 1.5 eq. 1.8 eq.  
DCM/MeCN 

(1:1, v/v) 
3 h Gradient 10 to 50% Ac in 

EA with 10% TEA 

6 48% 

7 1.5 eq. 1.8 eq DCM 3 h Gradient 0 to 25% Ac in 

EA with 2% TEA 

8 75% 

The phosphitylation reactions took place under slightly different conditions depending on the 

building block used (Table 1). The reaction solvents were chosen according to the solubility of 

the compounds. The phosphoramidite conversions were carried out with 1.5 eq of CEP-Cl and 

1.8 eq of DIEA except for compound 3 where 1.8 and 2.3 equivalents of phosphitylation reagent 

and base were used. These higher equivalent conditions were used to optimize the conversion 

yield of building block 3 to the amidite 4. The reactions were controlled by thin-layer 

chromatography (TLC) and the reactions were stopped when no further conversions were 

observed. 

After the reaction, common aqueous workup steps were excluded for all compounds to avoid 

the premature deprotection of the boronic acid functions, and the crude mixtures were purified 

by small and quick column chromatography. The addition of triethylamine (TEA) in the mobile 

phase allowed the deactivation of the column by decreasing the hydrogen bond donor acidity 

of the silanol groups avoiding the hydrolysis of the phosphoramidite (Park et al., 1999). The 

amount of TEA was added depending on the compound elution; the less negative impact was 

observed the more TEA was added to protect the converted amidites. To purify the compounds 
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2 and 4 nonpolar eluants were used to properly separate the excess of phosphitylation reagents 

and the educt residues from the amidite products. However, the lower yields obtained for those 

two compounds were mainly due to losses during the purification steps. The compounds, being 

slightly soluble in hexane solvent, crystallized in the column. For further phosphoramidite 

synthesis, the solvent system must be changed for those two reactions. However, enough 

amounts of products were collected for the oligonucleotide synthesis. Concerning compounds 

6 and 8, polar eluents with a gradient were used for the column chromatography to progressively 

remove the excess of CEP-Cl and the amidite products. Additionally, the gradients helped to 

separate side products obtained during the conversion of the building blocks 5 and 7. Indeed, a 

small amount of side products were observed corresponding to deprotected boronic acid 

amidites. 

The 31P NMR spectra (Annex, p. CXXII) of compounds 2, 4, and 8 showed a signal for the 

P(III) corresponding to the amidite group and no signal for P(III) phosphitylation reagent 

residue. The spectra also showed no signal in the 0-10 ppm range, corresponding to H-

phosphonate which could have been the results of hydrolysis of the P(III). The 1H NMR spectra 

showed signals corresponding to the product compounds and no signals for educt compounds 

(1, 3, or 7), which would have further decreased the efficiency of the RNA synthesis. No NMR 

of compound 6 was taken because of the low amount obtained after the synthesis however the 

amidite was further used for the RNA synthesis. 

The RNA synthesis conditions were slightly changed for the 5’-boronic acid RNA strands 

synthesis (Table 2). When enough product was obtained, the concentration of phosphoramidite 

solved in MeCN was increased compared to the standard procedure use in the laboratory (0.1 

M of amidite) to improve the coupling yield. For all compounds, the 2,4,6-collidine usually 

used in the CAP B solution and during the oxidation step was replaced by pyridine. The pyridine 

is less basic than the 2,4,6-collidine and allowed to avoid cleavage of the protecting groups on 

the 5’-boronic acid during the RNA synthesis. In addition, particular attention was needed for 

the oxidation reagent; a strong oxidation reagent can oxidize and cleave the eventual 

deprotected boronic acid function to leave a 5'-hydroxyl group (oral communication Mégane 

Debiais, Euroboron8 conference). 

The borono-modified sequences were cleaved from the solid support and deprotected using the 

same conditions as for classic RNA sequences, i.e., with a solution of (1:1, v/v) 

ammonia/methylamine. The MIDA protecting group on the boronic acid function was cleaved 
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in the first step with the methylamine and ammonia in ethanol followed by the TBDMS 

deprotection. 

Table 2: RNA synthesis conditions 

Step Reaction Reagent Time  

1 Detritylation 4% dichloroacetic acid in 1,2-dichloroethane 36 s 

2 Coupling 2 and 4: 0.15 M in MeCN + 0.3 M BMT in MeCN 

6 and 8: 0.12 M in MeCN + 0.3 M BMT in MeCN 
5 min 

  

3 Capping Cap A: N-methylimidazole in MeCN (1:5, v/v) 

Cap B: Acetic anhydride/pyridine/MeCN (2:3:5, v/v/v) 
48 s 

  

4 Oxidation 0.01 M Iodine in pyridine/water/MeCN (1:5:11, v/v/v) 18 s 

4.2. The evidence of RNA strands containing boronic acid modifications 

Before studying the assembly of modified ribozyme fragments, the necessity to confirm the 

presence of the boronic acid modification was essential. The matrix-assisted laser desorption 

ionization (MALDI) mass spectrometry is generally used to prove the authenticity of 

oligonucleotides determining the molecular mass of samples (Pieles et al., 1993). However, the 

mass spectrometry data generally obtained showed small deviations from the calculated 

molecular masses (Table 3). For some modified samples, the mass deviations between the 

measured and the theoretical molecular masses corresponded to the boronic acid unit (i.e., 45 

g/mol) bringing doubt about the presence of the boronic acid function. The spectra of some 

oligonucleotides, like bPh modified or bTD sequences, showed additional signals. For 

phenylboronic acid-modified strands, a second signal which did not correspond to n-bPh or n-

2 makes the assignation and conclusion difficult. The MALDI spectrum of bTD strand showed 

a second signal corresponding to n-bT, also after a second purification. 
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Table 3: Synthesized modified RNA sequences and their theoretical and measured molecular masses 

 

Names Sequences (5’-3’) Calc. m/z [M+H]+ m/z [M+H]+ 

Split bPh+D HPWTL2 bPhUGG UAU AUU ACC UGG U 5258 5248 

Split U/bPhD HPWTL2 bPhGG UAU AUU ACC UGG U 4954 4867 

Split bPh+G HPWTL2 bPhUAU AUU ACC UGG U 4263; 4281a 4279 

Split bPh+I HPWTL2 bPhUAU UAC CUG GU 3628 3601 

Split bNa+D HPWTL2 bNaUGG UAU AUU ACC UGG U 5310 n.d. 

Split U/bNaD HPWTL2 bNaGG UAU AUU ACC UGG U 5004; 4970c 4976 

Split bNa+G HPWTL2 bNaUAU AUU ACC UGG U 4313 4308 

Split bNa+I HPWTL2 bNaUAU UAC CUG GU 3678 3673 

Split bTD HPWTL2 bTGG UAU AUU ACC UGG U 5099; 5054b; 4754d 5048, 4701 

Split bTG HPWTL2 bTAU AUU ACC UGG U 4103; 4058b 4055 

Split bTI HPWTL2 bTAU UAC CUG GU 3468 3460 

Split bUB HPWTL2 S1 bUGA ACC AGA GAA A 4236 n.d. 

Split bUD HPWTL2 bUGG UAU AUU ACC UGG U 5101; 5067c 5073 

Split bUG HPWTL2 bUAU AUU ACC UGG U 4105; 4060b  4057 

Split bUI HPWTL2 bUAU UAC CUG GU 3470; 3426b 3426 

Note: a m/z obtained for [M+NH4]
+; b m/z obtained for [M-B(OH)2]

+; C m/z obtained for [M-

(OH)2]
+; d m/z obtained for [M-bT]+ 

Despite the precautions taken during the synthesis to avoid deprotection and oxidation of the 

boronic acid, the small deviations obtained for the measured molecular masses created 

ambiguities in the state of the sequences. Either the boronic acid function was cleaved off during 

the MALDI analysis or the undesired oxidation occurred. The use of an additional analytical 

technic to prove the presence of the boronic acid function on the RNAs became necessary. 
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4.2.1. Design of a new version of a polyacrylamide gel 

electrophoresis 

Polyacrylamide gel electrophoresis is a method commonly used in the lab to purify small 

DNA/RNA strands depending on their sizes and charges. However, the separation of fragments 

with similar sizes can be challenging. In our case, the borono-modified sequences have either 

only one charge more (when the phenyl- or naphtylboronic acid are added at the 5’-end, bPh+ 

and bNa+ samples) or have the same number of phosphates compared to the unmodified control 

sequences (Table 3). Therefore, the classic analytical gels used to separate strands or check the 

quality of sequences cannot clearly and doubtless confirm that the sequences contain the 

boronic acid unit. The design of a new analytical gel, able to certify that a sequence contains 

the boronic acid function, became an important goal in this work. 

A new gel electrophoresis method has been designed to modify the mobility of samples. Igloi 

et al. covalently modified the acrylamide with phenylboronic acid group used for the gel 

preparation, called N-acryloyl-3-aminophenylboronic acid (APB) (Figure 24A) (Igloi & 

Kössel, 1985). An additional factor of mobility was thus added to the system; the boronic acid 

function incorporated in the gel interacts with the free cis-diols functions on the RNAs retarding 

the migration of the cis-diol RNAs compared to the one without. This simple method can be 

used as a non-destructive analytical method for the evidence and quantification of cis-diols 

containing RNAs. Without expensive equipment, APB gels have been used for protein 

separation (Morais et al., 2010), or the 2S ribosomal RNA from endo-siRNA and piRNAs 

(Matts et al., 2014). The APB gel was furthermore used to detect and purify the 5’-NAD 

modified RNAs which contain a ribose with free 2’,3’-cis diols (Nübel et al., 2017). 

Inspired by the APB gel electrophoresis, we have worked on the design of a new analytical 

method based on the interaction of boronic acid and cis-diols. In this work, the RNA strands 

are functionalized with boronic acid functions, so the way of separation was inverted as the cis-

diol function was incorporated into the gel (Figure 24B). In comparison with the unmodified 

control sequences, the migration of the borono-modified RNAs would be delayed due to the 

interaction of the boronic acid with the cis-diol functions omnipresent in the gel. Over the gel 

running, an equilibrium between binding/releasing of the borono-modified sequences would 

take place. 
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Figure 24: Schematic representation of A) APB gel principle (Igloi & Kössel, 1985) and B) our cis-diol 

gel principle containing C) catechol or D-(-)-Fructose. 

The affinity of different boronic acids to form a reversible ester with compounds containing 

diols has been studied under various pH and buffer conditions (Springsteen & Wang, 2002). D-

(-)-Fructose showed an association constant (Keq) of 560 M-1 with phenylboronic acid in 0.10 

M of phosphate buffer at pH 8.5, which is higher than the other saccharide investigated (Keq = 

11 and 80 with the glucose and the galactose, respectively). Additionally, the affinity of the 

phenylboronic acid with the catechol was 6-fold higher than with the fructose at pH 8.5 (Keq = 

3300 M-1). We, therefore, decided to detect boronic acid-modified RNA strands with a PAA 

gel containing either D-(-)-fructose or catechol (Figure 24C). 

The first step was to find gel conditions showing the evidence of boronic acid-modified 

oligonucleotide strands. To not interfere with the boronate ester formation, the TBE buffer 

(Tris/borate/EDTA) usually used in PAA gels was changed to the TAE buffer (pH 8.5) 

(Tris/acetic acid/EDTA) for gels containing cis-diols. Different amounts of catechol or D-(-)-

fructose were dissolved in a polyacrylamide stock solution prepared in 2.5x TAE. However, 

the use of catechol has quickly shown disturbance in the gel polymerization. Therefore, the 

preparation of the new gel focused on the use of D-(-)-fructose. 

In the same gel, the mobilities of RNA strands and their 5’-boronic acid analogs were compared. 

Using a low concentration of oligonucleotide and some strands being below 20 nt, SYBR gold 

was used instead of ethidium bromide staining to visualize the nucleic acids with the UV 

transilluminator. 

The boronic acid-modified and unmodified sequences were applied to a large 20% PAA gel 

containing denaturing reagents. Two large gels were prepared, one containing 2% fructose and 

one normal PAA gel, as control. The gel containing the fructose had a higher resistance than 
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the standard gel, so the voltage was increased from 400 V to 450 V. In addition, the fructose 

disturbed the capacity of the SYBR gold to intercalate the oligonucleotide making the detection 

difficult. Washing steps with water were necessary to remove the excess of fructose and 

improve the staining efficiency. 

 

Figure 25: A) Unmodified and modified sequences (16 mer) analyzed in B) analytical 20% PAA gels 

with 7 M urea (21 × 24 × 0.1 cm) containing 2% fructose in 2.5x TAE buffer (pH 8.4) (9h30 at 450 V) 

and a standard 20% denaturing PAA gel with 7 M Urea (21 × 24 × 0.1 cm) in 1x TBE buffer (8h30 at 

400V). 

The analytical cis-diol gel was first tested with similar unmodified and modified 16 mer 

sequences to compare the sample’s migrations (Figure 25A). The sample signals observed with 

the fructose gel were not as clear as the signals given with the control gel. As no desired 

discrimination could be obtained (Figure 25B), the development of the cis-diol gel method was 

ended. However, on the control gel, two unexpected bands can be seen in the lane bUD and bTD 

while only one signal for the control D was detected. The lower bands of bUD and bTD samples 
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have the same mobilities as the single band of the control D. This analytical method did not 

provide more information on the appearance of the boronic acid modification, but two new 

possibilities appeared. Either the lower bands correspond to the borono-modified sequences 

because the migration should be the same between the modified bUD/bTD and the unmodified D 

on a classic PAA gel. But it brings the question: what are the upper signals for bUD and bTD? 

Or the lower bands are oxidized boronic acid sequences explaining the comparable migration 

with the sequence D. The upper signals for bUD and bTD would then be the wanted borono-

modified sequences. No signal corresponding to the sequence n-U16 was detected showing that 

the samples did not contain uncompleted oligonucleotides residues from the synthesis. The 

same results have been obtained with the modified bUG and unmodified G sequences (Table 3, 

p.37) on control and cis-diol gels (data not shown). 

4.2.2. Colorimetry test with Alizarin Red S  

To obtain additional proof of the presence of boronic acid function on the RNA sequence, a 

colorimetry method was tested. The Alizarin Red S (ARS) dye is commonly used to detect free 

boronic acid function. This dye contains a cis-diol function and can thus covalently bind the 

boronic acid. Figure 26A shows the binding of the ARS with the 5’-boronouridine modified 

RNA but the same process takes place with the other borono-modifications: 5’-

boronothymidine, phenylboronic acid, and naphtylboronic acid. The particularity of the dye is 

its color change, in a boronic acid-free solution, the dye emits a purple color which turns yellow 

when the cis-diol forms a boronate ester with the boronic acid providing a quick and easy optical 

detection method (Springsteen & Wang, 2001). Recently, this method proved to be effective to 

highlight borono-modified DNA oligonucleotides (Debiais, Vasseur, et al., 2020). The 

disadvantage of this assay is the high amount of material used, indeed the colorimetry assay 

used a high excess of borono-modified DNA strand over the ARS; using 0.6 mM of DNA with 

0.1 mM of dye in 500 µL of 40% (1:1, v/v) DMSO:PBS buffer (pH7.5) at room temperature. 

To minimize the RNA amount used for this assay, the test was optimized with 0.6 mM of RNA 

in presence of 0.1 mM of dye in only 10 µL of 40% DMSO: PBS buffer. The color test was 

preceded on only a few borono-modified samples due to the too little amount of stock samples 

(method section 11.2.12, p.103). However, the modified strand tested provoked the color 

change of the ARS, which was detectable by naked eyes (Figure 26B) in only a few minutes, 

providing good prove of the evidence of the boronic acid. 
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Figure 26: A) ARS structure in presence of 5’-boronouridine modified RNA and B) picture of the 

colorimetry assay on the unmodified and modified strands (0.6 mM RNA samples in 0.1 mM ARS in 

40% DMSO:PBS buffer). 

All boronic acid-modified samples tested turned yellow except the assay containing ARS and 

bTD fragment. The test was repeated twice and an additional denaturing step at 90 °C for 2 min 

was added to eliminate eventual secondary structures that could inhibit the ARS-boronic acid 

binding, without being more successful. However, the analytical gel on Figure 25 showed a 

clear band, in the lane bTD, corresponding to the size of D and bUD fragments which here turned 

yellow. 

As a general observation upon the different methods presented, the synthesis of correct 

sequences and the presence of the boronic acid functions on oligonucleotides can be assumed. 

No residues corresponding to the sequences n-1 or n-2 were detected on the analytical gels 

(Figure 25). Detected signals corresponding to the molecular mass (Table 3, p. 37), bands of 

the expected lengths observed on the 20% analytical PAA gel at the same level as the control 

sequences (Figure 25), and the ARS color-changing (Figure 26, and the table p. 103 in method 
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section 11.2.12) confirmed the coupling of the boronic acid- uridine, thymidine, phenyl, or 

naphthalene derivatives on the RNA sequences. 

4.3.  Formation of dimeric structure? 

Following the observation from Figure 25 (p. 40), experiments were done to find an explanation 

for the double bands obtained for the sample containing boronic acid function. For saving the 

D variant samples for the ribozyme activity assays, tests were done with the samples G and bUG 

(13 mer each) (Figure 27). The MALDI spectra of the bUG lane indicated a peak signal 

corresponding to the molecular mass of the wanted bUG strand (Calc. m/z [M+H]+ = 4105; found 

m/z [M+H]+ = 4102). However, additional signals at 8159 and 8209 were detected for bUG and 

G samples, with 8209 being approx. twice the calculated mass. 

 

Figure 27: 20% denaturing PAA gel of the strand G and bUG from a triplet. Calculated and measured 

results of the sample’s mass analysis is shown in the table. 

From those results, the formation of a dimer structure was suggested for the control G and bUG 

samples. The higher band observed only for the bUG lane could be due to the stabilization of a 

dimer structure by the presence of the boronic acid function. As explained in section 2.4 and 

Figure 13B (p. 20), the cyclization via boronate ester is possible between two hybridized strands 

containing a 5’-end boronic acid stabilized in the templated area and the 3’-cis diol, allowing 

the formation of a loop in a hairpin-like shape (Molina et al., 2018). In our case, the formation 

of a loop could be stabilized by the boronate ester between two boronic acid-carrying strands 

(Figure 28). The potential dimer formed by the control G samples would properly unfold in a 

denaturing gel due to the urea interfering with the H-bonds, which would not be the case for 

the dimer containing the boronate ester. This would explain the appearance of only one band 

for G and two bands for bUG (Figure 27). To check this theory, a new 5’-boronic acid RNA was 

synthesized containing deoxythymidine at the 3’-extremity, called 3’-T bUG. In this case, the 

formation of a boronate ester to eventually form a loop between two identical strands would 

not be possible and so only one band would be observed on the gel. 
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Figure 28: Structure of the possible dimer formations of G, bUG and 3’-T bUG samples. 

Therefore, a denaturing 20% analytical PAA gel was loaded with 60 pmol of the control G 

sequence, and its corresponding modified sequences, bUG, and 3’-T bUG. A lane containing n-1 

impurity in the G sequence was also applied as an additional control (Figure 29A). As 

previously explained, catechol can interact with the boronic acid function. A second gel was 

used to analyze the same sequences pre-incubated in presence of 1000 equivalent catechol as 

another method to prohibit boronate ester-mediated dimerization (Figure 29B). The denaturing 

gels were applied to 450 V for 6h30, and the samples were stained with SYBR gold. If the 

theory of a stabilized dimer with the boronic acid is right, the catechol would compete in the 

formation of boronate ester with the 2’,3’-cis diol of the second strand, thus inhibit the loop 

formation and only one band would be observed. 

The gel staining also revealed two signals for the sample 3’-T bUG while only one was expected 

to confirm the dimer hypothesis (Figure 29A, lane 5). Compared to the sample bUG (Figure 

29A, lane 3) which showed a second higher band than the control G sample (Figure 29A, lane 

1), the 3’-T bUG exhibited a second lower migrating band. In both bUG and 3’-T bUG lanes, the 

more intense detected bands were at the same level as the control G band. The addition of 1000 

equivalent of catechol did not impact the double band’s observations (Figure 29B, lane 2, 4, 

and 6). The hypothesis of a stable dimer forming a loop due to the presence of boronic acid 

became then less probable, and the second band observed for 3’-TbUG could also simply be due 

to contaminations with n-1. 
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Figure 29: Analytical 20% denaturing PAA gels containing doublet assays with 60 pmol of samples 

presented in the table A) without catechol and B) with 1000 equivalent catechol (650 V, 6h30, 30 min 

staining in 1x SYBR gold). 

The double bands observed for bUG and 3’-T bUG samples were isolated with a long preparative 

20% denaturing PAA gel for 4 hours at 1500 V (Figure 30A). Due to the good resolution of the 

two bands in bUG and 3’-T bUG, the separation and elution of the two bands could be done 

properly minimizing the contamination of one band with the other one. The bands were 

numerated 1 and 2 for bUG and 3 and 4 for 3’-T bUG. Once the samples were isolated, 60 pmol 

of each band were reloaded in analytical denaturing and native 20% PAA gels (Figure 30B and 

C) after incubation at 90 °C for 2 min followed by 15 min at 37 °C. Interestingly, band 1 in bUG 

from the preparative gel reformed a double band in the analytical gel while only one signal 

appeared in the lane corresponding to band 2 of bUG. The same double band reformation was 

observed for band 3 from the 3’-T bUG sample and only one signal for the lower band 4 in the 

sample 3’-T bUG. The observation was similar in denaturing and native condition of analytical 

gel, however the signal intensity of double bands from the lane 1 and 3 appeared to be different. 

In the denaturing gel, the higher bands of the lane 1 and 3 seemed to have a stronger intensity 

than the lower one, while in the native gel they appeared to have similar signal intensities. This 

double band formation is difficult to fully understand, however it is clearly due to the presence 

of boronic acid modification. The double band could be explained by a conformation effect 

driven by the presence of the boronic acid moieties. 
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Figure 30: A) Separation of the double bands in 20% denaturing preparative gel. Each pocket contained 

2 nmol of samples and the gel was run for 4 hours at 1500 V. After incubation of 2 min at 90 °C and 15 

min at 37 °C, the bands numbered 1, 2, 3 and 4 were reloaded with the control G (60 pmol) in doublet 

in B) 20% denaturing analytical gel (6h30 at 450 V, staining 30 min in 1x SYBR gold) and C) 20% 

native analytical gel (5h30 at 450 V, staining 30 min in 1x SYBR gold). 

It has been shown that boronic acid function can interact with the 2’-OH group of RNAs (Zhang 

et al., 2013). Studies used branched peptide boronic acids to target the tertiary structure of HIV-

1 Rev respond element RNA via outside-canonical interactions. They hypothesized that a 

reversible bond can be formed between the 2’-OH group, which is a good electron donor, and 

the empty p-orbital of the boron. The binding affinity of the RNA-peptide boronic acids 

complex is improved by increasing the Lewis acidity of the boron. This 2’-OH/boron bond 

could be an explanation for the double band observed, indeed the 5’-boronic acid 

oligonucleotides could interact either with a specific 2’-OH group from a second identical 

strand (Figure 31A) or an internal 2’-OH group (Figure 31B). The elucidation of this possibility 

opens new studies perspective to evaluate the binding affinity of boron-containing RNA 

oligonucleotides. 

To check this hypothesis, future experiments could be planned. It would be interesting to 

synthesis a 5’-borono-modified sequence and mutate one by one each nucleotide with a 

deoxynucleotide. The different deoxy- and borono-modified sequences could then be analyzed 

with an analytical PAA gel to identify which sequence forms a double-band. The sequence 

where the double band is not observed would show at which position the interaction between 

the 2’-OH group and the boronic acid occur. 
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Figure 31: Possible A) intermolecular and B) intramolecular interactions between the 2'-OH group and 

the boronic acid function. 



5. Development of real-time FRET-assay for measuring hairpin ribozyme activity 

48 

5. Development of real-time FRET-assay for measuring hairpin 

ribozyme activity 

This section aimed to design a new method to investigate the catalytic activity of the hairpin 

ribozyme in real-time. A FRET assay was then developed for real-time measurement of the 

cleavage and compared with the LiCOR gel method. 

The FRET method is a distance-dependent nonradiative dipole-dipole coupling process based 

on the transfer of energy from an excited fluorophore (donor) to another one (acceptor) (Ravets 

et al., 2014). For a successful transfer, the emission spectra of the fluorophore donor must 

superimpose the excitation spectra of the donor. The appropriate wavelength excites the donor 

fluorophore; this one absorbs the energy and transfers it to the acceptor. The efficiency of the 

energy transfer is proportional to the two-fluorophore proximity and must be in the range of 1-

10 nm. The FRET method was used to understand the hairpin ribozyme cleavage mechanism, 

particularly the docked/undocked conformation changes process (Figure 5, p. 10) (Walter et al., 

1998). The hairpin ribozyme was functionalized at its 5’-end extremity of the helix 1 with a 

donor dye and on its 3-end of the helix 4 with an acceptor dye. In the undocked conformation, 

FRET did not occur due to their distance but was then observable in the docked conformation 

of the ribozyme. 

To enable the real-time FRET measurement of the activity of the hairpin ribozyme, the substrate 

was double-labeled with donor-acceptor fluorophore pairs on each extremity, ATTO488 and 

ATTO680 (Figure 32A). Due to the double labeling of the substrate, the FRET effect became 

then dependent on the catalytic activity of the hairpin ribozyme; indeed, the fluorophores were 

closed enough in the substrate to induce the FRET effect. However as soon as the substrate was 

cleaved by the hairpin ribozyme, the substrate fragments dissociated, the distance between the 

two ATTO dyes increased, and FRET was blocked. The dye pair was suitable for FRET 

measurement since the emission spectrum of the donor ATTO488 superimposes the absorption 

spectrum of the acceptor ATTO680 (Figure 32B). The ATTO610/680 spectra have a greater 

overlapping area with each other; however, the absorption spectrum of the donor does not have 

to overlap the absorption spectrum of the acceptor to identify the fluorescence of the acceptor 

as FRET effect. The distance between the dyes is approximately 3.5 nm in the uncleaved 

substrate, considering the A-RNA form, and the Förster radius of the two dyes is 4.5 nm, 

making the distance fitting the FRET requirements. 
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The short 14-nucleotides substrate was chemically synthesized with two specific groups at each 

extremity, 3’-alkynyl and 5’-amino groups. First, the 3’-alkynyl-5’-amino-substrate reacted 

with ATTO488-NHS-ester via an acylation in presence of NaHCO3 in DMF for 4 hours at 25 

°C. Then, ATTO680-azid was added and reacted with the 3’-alkynyl group during a click 

chemistry reaction containing Cupper (II)-phosphate (Cu3(PO4)2), Tris(3-

hydroxypropyltriazolylmethyl) amine (THPTA), and sodium ascorbate for another 4 hours at 

37 °C. The resulting double-labeled substrate was then purified by HPLC. 

 

Figure 32: A) Hairpin ribozyme system for FRET assays. The filled grey dot and the filled grey star 

represent the fluorophores ATTO680 and 488, respectively. The smaller black arrow shows the cleavage 

site of the substrate. B) Emission and absorption spectra of two fluorophore pairs, ATTO680/488 on the 

left and the ATTO680/610 on the right (data spectrum from ATTO-TEC). 

The activity of the ribozyme was measured under multiple-turnover and single-turnover 

conditions in 50 mM Tris-HCl buffer with 10 mM MgCl2 at 25 °C. The real-time FRET assay 

was monitored using a fluorescence spectrophotometer with the excitation wavelength 

corresponding to ATTO488, 501 nm, and the emission wavelength at 696 nm for the detection 

of the ATTO680. After a pre-incubation of the substrate with the ribozyme, the fluorescence 

detection was started directly after the addition of the MgCl2 and the measurement of ATTO680 
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emission was performed until the stabilization of the fluorescence intensity (Figure 33A). The 

diminution of the fluorescence intensity, observed for both single- and multiple-turnover 

conditions, was due to the cleavage of the substrate resulting in the inhibition of the energy 

transfer from the excited ATTO488 to the ATTO680. This observation identified the effect 

occurring in the uncleaved substrate and gave a promising method to monitor the ribozyme 

activity. 

The fluorescence curves obtained in real-time were converted using the following equation:  

 𝐶(𝑡) = 1 −
𝐼(𝑡)

𝐼𝑚𝑎𝑥
 (2) 

giving cleavage efficiency of the ribozyme (C) at the time t, I(t) the fluorescence intensity 

measured at the time t, and Imax the maximum fluorescence intensity of the measurement at t=0 

min (Figure 33B). The cleavage results from FRET assays could be then easily compared with 

the one obtained with the LiCOR gel electrophoresis method (Figure 33C). Here, the average 

cleavage data were fit with the exponential function (1) (detailed in section 3.4, p. 29). 

 𝐴(𝑡) = 𝐴(𝑡0) + 𝐴(1 − 𝑒−𝑏𝑡) (3) 

Table 4: Exponential fit results of the normalized curves from the FRET and LiCOR gel assays under 

single- and multiple-turnover conditions with A the cleavage activity. 

 Single-turnover condition Multiple-turnover condition 

A (%) kobs (min-1) (b) A (%) kobs (min-1) (b) 

FRET assay 58 ± 1 0,042 ± 0,016 47 ± 2 0,014 ± 0,001 

LiCOR gel 84 ± 2 0,093 ± 0,017 97 ± 1 0,007 ± 0,002 

Despite the decrease of the ATTO680 fluorescence intensity during the real-time measurement 

indicating the FRET effect, the fit results obtained from the normalized curves differed from 

those obtained with the classic gel electrophoresis (Table 4). Few important points must be 

considered to explain those differences. 
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Figure 33: Cleavage activity of the hairpin ribozyme monitored in real-time FRET measurement. Set of 

experiments done under single-turnover conditions (left) over 180 minutes and in multiple-turnover 

conditions (right) over 330 minutes. A) Graphics are the superposition of three independent experiments 

(blue, black, and green curves) obtained by following the fluorescence intensity of the ATTO680 during 

the cleavage reaction. B) The fluorescence intensity is then converted into curves representing the 

cleavage fraction=f(time) with the average values (black lines) and errors (light grey areas). C) Cleavage 

activity results obtained with the classical method of gel electrophoresis and LiCOR detection. The black 

points are the average values of the cleavage efficiency at each time point. The red lines are obtained 

from the exponential fitting A(t)=A(1-e-bt) of the average values. Data provided by the bachelor student 

Katharina Landenfeld. 
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First, in the gel electrophoresis method, aliquots taken at different time points were directly 

diluted in a denaturing StopMix solution. This denaturing solution contains EDTA, which 

capped Mg2+ favoring the undocked conformation, and urea excluding the possibility that 

cleaved products stayed bind or re-bind. The eventual remaining associated cleaved substrates 

would then be dissociated from the ribozyme during the gel electrophoresis which also 

contained urea. While during the real-time measurement, the undocked and dissociation rate of 

the cleaved substrate must be considered. The FRET effect continues until the two substrate 

fragments are dissociated from the ribozyme and far enough from each other to stop the 

excitation of ATTO680. Indeed, the predominant undocking rate of the ribozyme/substrate 

complex is slow (kundock = 0.008 s-1) and the dissociation rate of both cleaved substrate products 

are koff = 1.3 s-1 for the 3’-fragment and 2 s-1 for the 5’-product (Zhuang et al., 2002). The overall 

rate constant of the cleavage reaction includes then different parameters in the two methods: 

the association and cleavage rate for the gel method; and the association, cleavage, and 

dissociation rate for the FRET assay (Figure 4A, section 2.1, p. 9). Secondly, at high substrate 

concentration, so mostly in multiple-turnover conditions, FRET could also occur between 

cleaved fragments. The acceptor-cleaved substrate could excite a donor-cleaved substrate due 

to the proximity of the two dyes within the Förster radius or due to dyes collision. This unwished 

FRET phenomenon between two dissociated cleaved substrates would produce errors in the 

determination of the cleavage efficiency and its kinetic rate. And finally, the ATTO dyes known 

as robust fluorophores were nevertheless excited over 3 to 5 hours which could eventually 

induce a photobleaching effect diminishing the FRET efficiency (Eggeling et al., 2006). 

Under optimized conditions, the real-time measurement of the hairpin ribozyme using FRET is 

a promising method and can be broadly used for monitoring the activity of modified ribozymes. 

However, to ensure comparability of the results obtained in the course of the work with previous 

studies of the laboratory, we decided to continue here with the classic gel electrophoresis 

method.



6. Cleavage activity of borono-modified split hairpin ribozyme variants 

53 

6. Cleavage activity of borono-modified split hairpin ribozyme 

variants 

Once the different unmodified and boron-modified RNA sequences were prepared and 

characterized, several cleavage assays were first tested with unmodified split systems to find an 

appropriate procedure and determine if the unmodified fragments can already correctly fold 

without the boronic acid group and cleave the substrate. The cleavage activity of the different 

modified ribozyme variants was then studied. The 5’-boronic acid-modified end of the 

ribozyme fragment should be able to covalently form a boronic acid ester with the 3’-end cis-

1,2-diol of the first ribozyme fragment and overcome the loss of efficiency. The unmodified 

and modified split-ribozyme activities were analyzed using the LiCOR fluorescence detection 

method with the substrate labeled with ATTO680 dye. 

 

Figure 34: Split hairpin ribozyme variants. The light grey dotted lines represent split-regions, and the 

colored letters are the name given to the new split-ribozyme strands. The black arrow shows the cleavage 

site of the substrate during the reaction. The filled grey dot at the 5’-end of the substrate shows the 

ATTO680 position. 

6.1. Borono-modified ribozyme variants fragmented in helix areas  

The cleavage activities of the borono-modified hairpin ribozyme variants containing their split 

regions in the helix areas were first investigated. The split ribozyme A/xB variant was 
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fragmented in helix 2 and the C/xD variant in helix 4. The cleavage reactions were performed 

under single-turnover conditions (1:100 substrate: ribozyme) in 50 mM Tris-HCl buffer, started 

with 20 mM MgCl2, and incubated at 25 °C (method section 11.2.13, p.103). 

The fragmentation of the A/B hairpin ribozyme variant was positioned between the G11 and U12 

in helix 2. The borono-modified A/B variant contained the 5’-boronic acid uridine modification 

instead of the U12. Several assays were investigated and incubated either for 3 or 6 hours, but 

no cleaved products were detected for the modified and unmodified A/B variants. However, 

when the incubation time was extended to 144 hours, which correspond to 6 days, the cleaved 

substrate was detected on the gel using the A/bUB while nothing was detected with the 

unmodified variant (Figure 35B). Still, the A/bUB variant slowly reached a cleavage efficiency 

of only 6.5% (Figure 35C). 

The absence of cleavage activity for the unmodified A/B variant can be explained by the lack 

of stability of domain A due to the presence of only one base pair for the split A in helix 2. 

Nevertheless, the use of 5’-boronic acid-modified fragment B in A/B variant permitted little 

catalytic activity in the re-assembled hairpin ribozyme. Certainly, the low cleavage efficiency 

obtained with the A/bUB variant showed that the boronic acid ester formed eventually stabilized 

the overall structure, but it has been shown that the ribose structure of G11 is essential for 

ribozyme activity (Chowrira, Berzal-Herranz, Keller, et al., 1993; Walter et al., 1998). The 2’-

hydroxyl group of G11 is involved through a hydrogen bond in the ribose zipper connecting the 

ribozyme domains (Figure 15B, p. 23). Hydrogen bonds between 2’-OH groups of G11 and A38 

and with the N1 group of A24 has been also proposed to form the ribose zipper (Ryder & Strobel, 

1999). Therefore, it is likely that the mutation of U12 by 5’-boronic acid-modified nucleoside 

significantly impacts the hydrogen bond donor capacity of the 2’-OH group of G11 by the 

formation of the boronic acid ester, and therefore inhibits the ribozyme activity. Due to this 

reason, the 5’-boronothymidine, the phenyl-, and naphtylboronic acid modification (Figure 

15C, p. 23) were not tested on this variant. 

Nevertheless, the boronic acid ester between G11 and U12 allowed the re-assembly of the 

fragmented hairpin ribozyme and cleavage activity while it is inhibited with the unmodified 

variant. Those results indicate that for this variant the boronic acid ester is important to induce 

cleavage activity. 
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Figure 35: A) Schematic representation of the A/B ribozyme variant with the red filled dot representing 

the position of the boronic acid ester linkage. B) 15% denaturing LiCOR PAA gel picture showing the 

evolution of the reaction with A/B and A/bUB variants (in triplet) at different time points and their 

corresponding C) time curves. The unmodified and A/bUB ribozyme variants were incubated at 25 °C 

for 144 hours in 50 mM Tris-HCl buffer (pH 7.5) under single-turnover conditions (method section 

11.2.13, p.103). 
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The activities of the different C/xD ribozymes, fragmented between G33 and U34 in helix 4, 

were studied and presented with the control experiments in Figure 36. Compared to the 

unmodified split variant, adding a 5’-boronic acid function on fragment D can significantly 

improve the activity of the system. Indeed, without boronic acid, the ribozyme cleaved 32% of 

the substrate after 3h, while the borono-modified system almost regained the cleavage 

efficiency of the parent ribozyme (Figure 36B). The most effective improvement of the activity 

was observed with borono-uridine derivatives, C/bUD, giving 54 ± 1.8% of substrate cleavage 

after 3 h incubation, which was only 10% less than the yield obtains with the unsplit hairpin 

ribozyme (64 ± 2.2%). The boronic acid-thymidine variant, C/bTD, permitted the refolding and 

activity of the ribozyme with a 46.2 ± 1.3% yield. The difference of 8% yield obtained between 

C/bUD and C/bTD could be explained by the mutation of an RNA base with a DNA base 

structure. The difference of sugar conformation between uridine and thymidine, the presence 

of 2’-OH group or the methyl on the thymidine could play a role in the 

stabilization/destabilization of the hairpin ribozyme structure, and therefore on its catalytic 

activity. Nevertheless, the presence of the boronic acid function on the 5’-end of bTD fragment 

and the proof of principle were shown by enhancement of 14% cleavage yield compared to the 

C/D variant. The 2’-hydroxyl group from the U34 is not involved in ribozyme interactions, 

which enables the mutation with the borono-thymidine. 

When the ribozyme was modified with a non-nucleosidic boronic acid structure (phenyl- and 

naphthylboronic acid), the activities of the split variants were not improved (Figure 36C). As 

can be seen, the cleavage activity of the phenylboronic acid-containing variant remained 

approximately the same as the unmodified C/D system. When the phenylboronic acid was 

added at the end of the D strand, the cleavage efficiency after 3h was 30.2 ± 1.2% while the 

efficiency was slightly decreased to 20 ± 1.6% when the modification replaced the last 5’-U of 

the D fragment. On the other hand, the naphthalene borono-based variant gave slightly better 

results when it replaced the last 5’-U, with 33.2 ± 1.2% for C/U/bNaD after 4h vs 24.1 ± 0.9% for 

C/bNa+D variants. Even if the boronic acid ester between the fragments C and D was formed, 

the ribozyme activity was not restored probably because the helix 4 and the dock conformation 

were destabilized in a steric manner either by the addition of the phenyl or naphthalene unit or 

by the lack of an A-U base pair. 
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Figure 36: A) Schematic representation of the C/D ribozyme variant with the red filled dot representing 

the position of the boronic acid ester linkage. B) Time course of cleavage reactions of the control and 

variants modified with boronic acid derivatives of nucleoside and C) with phenyl and naphthalene 

boronic acid from all three independent experiments. 
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It is known that the boronic acid ester formed in a DNA template is stabilized under basic 

conditions (Figure 37A) (Martin et al., 2011). The cleavage reaction was performed at higher 

pH to eventually observe a significant improvement of the ribozyme activity (Figure 37B). 

However, the higher cleavage efficiency obtained at pH 9.7 cannot rely on the boronic acid 

ester stabilization. For both control systems, parent and unmodified split systems, yields 

increased by approximately 18% and 15%, respectively, between pH 7.4 and 9.7. The 

increasing cleavage efficiency and reaction rate with the normal hairpin ribozyme at higher pH 

is due to the predominance of deprotonated G8 catalyzing the 2’-OH deprotonation and further 

the trans-esterification (Kath-Schorr et al., 2012). Therefore, the activities of C/bUD and C/bTD 

variants are also improved by around 16% in basic conditions, which can be explained 

independently of the boronic acid ester stabilization. 

 

Figure 37: A) Control of the stabilization of the boronic acid ester at higher pH. B) Bar chart comparing 

the activity of the ribozyme and different C/D variants at pH 7.5, 8.7 and 9.7 (single-turnover conditions, 

50 mM Tris-HCl, 20 mM MgCl2, 25 °C, method section 11.2.13, p.103) and C) their rate constant (kobs). 

The cleavage efficiency values presented are the amplitude (A) and the constant rate (kobs) is the slope 

b obtained from the A(t)=A(1-e-bt) exponential fitting. Data are collected from three independent 

experiments and fit curves for all variant at different pH are detailed in annex (p. CXXXI). 

The pH effect can eventually be observed via the cleavage rate of the C/bUD and C/bTD ribozyme 

variants (Figure 37C). While the kobs of the unmodified C/D variant did not increase similarly 

to the parent ribozyme, the kobs of C/bUD and C/bTD variants were raised under higher basic 
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conditions. These differences could eventually reflect the better stability of the sp3 boronic acid 

ester at higher pH. The kobs of the bPh and bNa modified variants were similar to the kobs of 

unmodified C/D variant at the three pH conditions. 

The temperature can also be used to control the formation of the boronic acid ester (Barbeyron 

et al., 2014; Martin et al., 2011). At high temperatures, the boronic acid ester is switched back 

to the boronic acid and cis-diol function (Figure 38A). The parent ribozyme, C/D, and C/bUD 

variants were incubated at a physiological temperature of 37 °C for 3 hours. As expected, a 

higher incubation temperature of the reaction affected the cleavage efficiency of the split 

systems (Figure 38B). While the parent ribozyme showed a slightly better activity at 37 °C, 

increasing the temperature from 25 °C to 37 °C decreased the activity of the split-variants. The 

C/bUD variant, which reached 55% activity at 25 °C, cleaved only 30% of the substrate at 37 °C 

representing a loss of 25%. As to C/D ribozyme, the activity dropped from 30% to 10% between 

25 °C and 37 °C. Lower temperature generally allows a better folding of short RNA. 

Nevertheless, at 37 °C the activity of the split-ribozyme was improved by 20% with the boron-

modified C/D variant compared to the unmodified system, which allows the boronic acid ester 

linkage to be a promising strategy for potential in vivo applications. 

 

Figure 38: A) Dynamic formation of the boronic acid ester controlled by the temperature. B) Graphic 

comparing HPWTL2, C/D and C/bUD cleavage activities obtained when the reaction was incubated 3 

hours at 25 °C or 37 °C. The reaction took place in 50 mM Tris-HCl buffer (pH 7.5) with 20 mM MgCl2, 
(method section 11.2.13, p. 103). The data presented are the average value of three. 

The boronic acid ester formed between two oligonucleotides can also be stabilized using 

fluoride or cyanide ions instead of hydroxyl ions (Figure 39A). The melting temperature for a 

borono-modified DNA duplex in presence of sodium cyanide (NaCN) at pH 7.4 is higher than 

without (Martin et al., 2011; Barbeyron et al., 2014). The solubility of the magnesium fluoride 
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(MgF2) being extremely low, the cleavage activities of the C/D and C/bUD variants were tested 

in presence of NaCN (2 µM ribozyme variants, 20 nM substrate in 50 mM Tris-HCl buffer at 

pH 7.5 at 25 °C). The first assays replaced 20 mM of MgCl2 with 20 mM of NaCN but no 

cleavage activity was observed for any of the fragmented and parent ribozymes, as expected. 

Sodium ions do not support the hairpin ribozyme activity. Further assays, using the same 

ribozyme/substrate amount and buffer conditions, were preceded in presence of 5 mM NaCN 

during the pre-incubation and the reaction was started with 20 mM of MgCl2. The general 

addition of NaCN in the reaction induced a slight decrease of cleavage activity for the parent 

ribozyme and both C/bUD and C/D systems (Figure 39B). The cleavage efficiency was reduced 

by approximately 10% in presence of NaCN for each system after 3 hours of incubation. 

Therefore, a third assay was also tried where 5 mM NaCN was added at the same time as the 

20 mM of MgCl2 to the reaction mixture; however, observations were similar. 

 

Figure 39: A) Boronic acid ester stabilization with cyanide ion. B) Cleavage activity of hairpin ribozyme 

variants in absence or presence of 5 mM NaCN (single-turnover condition, 50 mM Tris-HCl, pH 7.5, 

20 mM MgCl2, 3h at 25 °C, method section 11.2.13, p. 103). The collected data are the average values 

from three independent experiments. 

The fragmentation of the hairpin ribozyme in helix areas reduced or even inhibited the cleavage 

activity compared to the full-length ribozyme. However, the lost activities can be recovered 

using the boronic acid ester linkage at the split regions. Variations of the pH, temperature, and 

ionic additives conditions have shown to improve the stability of the boronic acid ester formed 

in borono-modified DNAs (Barbeyron et al., 2014) but cannot precisely be demonstrated with 

borono-modified hairpin ribozymes. Indeed, the catalytic efficiency of the hairpin ribozyme is 

highly dependent on the reaction conditions as well as on the boronic acid ester stability. 
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6.2. Ribozyme variants fragmented in loop B area 

After having shown that splitting the hairpin ribozyme in helix 4 delivers active variants, the 

cleavage activity of two more ribozyme variants, containing their split region in the loop B, 

were also investigated (F/G and H/I ribozyme variants, Figure 40). Positioning the split regions 

in loop B was uncertain, indeed the loop B stability is essential to the docked conformation and 

the cleavage of the substrate (Figure 4, p. 9). In addition, as has been suggested (Martin et al., 

2011), the boronic acid ester formation is stabilized by templated areas bringing together the 

cis-diol and the boronic acid functions. These templated areas were then missing for F/G and 

H/I ribozyme variant’s boronic acid ester formation. And finally, the split region for the H/I 

variant was positioned between A38 and U39, with A38 acting as a general acid delivering a 

proton to the 5’-oxygen of the phosphate leaving group (Kath-Schorr et al., 2012). This 

collection of high expectations, therefore, gives rise to the risk of a non-functioning split-

ribozyme, which makes it valuable to determine the possible role of boronic acid modifications. 

 

Figure 40: Schematic representation of F/G (between G36 and U37) and H/I (between A38 and U39) 

ribozyme variants (detailed structure in Figure 34, p. 53). Red filled dots indicate the position of the 

boronic acid ester. 

The reaction conditions were the same as for A/xB and C/xD ribozyme variants. Knowing the 

instability of the different systems, the reaction time was extended to 143 hours. The use of 5’-

boronouridine and 5’-boronothymidine modifications showed the best results in the C/D 

variant, therefore cleavage assays focused first on the use of F/bUG or bTG, and H/bUI or bTI 

variants. 

Cleavage activities were observed for F/G and H/I ribozyme variants (Figure 41). The 

unmodified F/G ribozyme reached 38.8 ± 2.1% of cleavage efficiency and 16.9 ± 1.1% for the 



6. Cleavage activity of borono-modified split hairpin ribozyme variants 

62 

H/I variant but after 143 hours. Cleaved substrate obtained with an unmodified variant using 

split regions positioned in loop B was unexpected. Fragmented the ribozyme in the loop B 

allowed the double helix areas to not be disturbed and permitted the reformation and 

stabilization of the structure. Additionally, the interactions involved in the undocked and 

docked conformations, which were expected to be disturbed, could eventually help the re-

assembly of the full ribozyme structure. 

 

Figure 41: Cleavage activity of 2 µM of A) F/xG and B) H/xI ribozyme variants with 20 nM of substrate 

incubated at 25 °C in 50 mM Tris-HCl buffer (pH 7.5) with 20 mM MgCl2. All data were collected from 

three independent experiments. 

Systems modified with 5’-boronouridine or thymidine derivatives did not only improve the 

system, as previously observed with A/B and C/D variants. Indeed, the activity of the F/G 

variant was generally increased by around 10-12% with the 5’-boronouridine, while it 
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decreased by 10% with 5’-boronothymidine modification (Figure 41A). The improvement of 

the cleavage efficiency of the hairpin ribozyme obtained with bU showed again the role of the 

boronic acid ester formation in the re-assembly of the ribozyme. It was previously observed 

that the 5’-boronothymidine modification can improve the cleavage activity of the C/D variant 

(Figure 36, p. 57), but the cleavage efficiency obtained with the F/bTG variant was this time 

lower than the unmodified F/G (28% and 39% after 143 hours, respectively). It can be assumed 

that the boronic acid ester was properly formed between F and bUG but the mutation of U37 to 

deoxythymidine disturbed the activity of the re-assemble ribozyme. This U37 is not known to 

be an essential nucleotide and can be easily mutated to another ribonucleotide (Berzal-Herranz 

et al., 1993). However, the decrease of activity when U37 was changed to deoxynucleotides bT 

suggests that either the 2’-hydroxyl or the methyl group plays a small role in the 

stabilization/destabilization of the ribozyme. After those observations, the activities of F/G with 

phenylboronic acid and naphthylboronic acid were also analyzed, however, as for the C/D 

variants, they induced decreased of the cleavage efficiency compared to the unmodified F/G 

variant. The loss of approximately 15% of the activity could be due to the distortion of loop B 

when bPh or bNa were added at the 5’-end of G fragment. 

 

Figure 42: A) Hydrogen bond (red dotted line) involved in docked conformation between 2’-OH group 

of A38 and N7 of G+1 (Rupert & Ferré-D’Amaré, 2001). B) The boronate linkage do not permit the 

formation of the bond. 

Differing from the other approaches, no type of boronic acid ester linkage showed any 

advantages for the variant H/I. The cleavage activities decreased from 16.9% to 10.4 ± 0.4% 

with bU and 8 ± 1.3% with bT modification after 143 hours (Figure 41B). The U39 plays no 
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significant role in the catalysis and can be mutated by deoxyuridine or even an abasic or propyl 

linker (Schmidt et al., 1996). However, the catalytic center formed by the docked conformation 

is stabilized by different interactions (Figure 4B, p. 9) including a hydrogen bond between the 

2’-hydroxyl group of A38 and the N7 of G+1 (Figure 42A) (Rupert & Ferré-D’Amaré, 2001). 

When the U39 is mutated with the boronic acid uridine, the boronic acid ester is then formed 

with the cis-diol of A38 inhibiting the hydrogen bond with G+1 (Figure 42B). 

To summarize, the hairpin ribozyme can be fragmented in loop B and catalyze the cleavage of 

the substrate. The boronic acid ester linkage can here as well impact the cleavage activity if it 

is properly positioned in the loop without interfering with the critical interactions. 

6.3. Cleavage activity of ribozyme variants in presence of catechol 

To point out the importance of the boronic acid ester formation in the improvement of the 

ribozyme activity, competitive studies on the borono-modified ribozymes were done. Catechol, 

introduced in section 4.2.1, possesses a cis-diol function and forms a stable boronic acid ester 

with a boronic acid partner (Springsteen & Wang, 2002). The presence of catechol in the 

cleavage reaction should bring a boronate formation competition between the cis-diol either 

from the second ribozyme fragment or from the catechol to the 5’-boronic acid of the ribozyme 

fragment. This competition should then decrease the overall cleavage activity. The cleavage 

reactions were preceded like previously. Three different equivalents of catechol over the 

ribozyme (500, 1000, and 2000) were tested on the parent, C/D, C/bUD, and C/bTD variants 

(Figure 43). 

In general, the catechol did not disturb the ribozyme and unmodified split ribozyme activities, 

as seen on the graph cleavage yields stayed constant under the different conditions (Figure 43). 

However, for the ribozyme variants containing boronic acid function, activity changes were 

observed. In presence of 500 eq of catechol, the activity of C/bUD dropped from 54 ± 1.8% to 

46.1 ± 4% and 36% with 1000 or 2000 equivalent. The use of 500 equivalent of catechol was 

not enough to significantly compete with the formation of the full ribozyme. The use of 1000 

equivalent was adequate to reduce the cleavage yield but increasing to 2000 equivalent did not 

further disturb the ribozyme efficiency, both 1000 and 2000 equivalents decreased the 

efficiency by 18%. The catechol also altered the efficiency of the C/bTD variant which reached 

38 ± 0.8% in presence of 1000 equivalent losing then 8% of activity. Both modified systems, 

C/bUD and C/bTD, almost reached back the cleavage efficiency of the unmodified system in 

presence of catechol. 
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Figure 43: Average activities without or with 500, 1000, and 2000 eq of catechol of the control ribozyme, 

the C/D, and C/bUD, variants. The reaction was carried out only without or with 1000 eq of catechol for 

the C/bTD variant. All reactions were incubated for 3 hours. All data were collected from three 

independent experiments. 

This catechol strategy provided additional proof that the D fragments were properly modified 

with 5’-boronothymidine or uridine and, most importantly, showed the critical role of the 

boronic acid ester for the improvement of the ribozyme activity. 

After seeing the effectiveness of the competitive strategy, the F/G and F/bUG ribozyme variants 

were also submitted to the presence of catechol, during 72 hours at 25 °C. However, a decrease 

in cleavage activities was observed not only for the boronic acid-modified variant (Figure 44). 

The cleavage efficiencies diminished from 32.2 ± 1.7% to 22% and from 41.5 ± 0.7% to 28% 

for F/G and F/bUG, respectively, with 500 eq or 1000 eq of catechol. The loss of around 10% of 

activity for the unmodified F/G system, while no noteworthy loss was observed for the parent 

ribozyme and the C/D variant after 3 h, can be explained by the general weakness of this variant. 

The difference of activity for the F/bUG variant was slightly higher (13%) but not notable 

enough to assume that the loss of efficiency was due to the competition effect of the catechol. 

The F/G systems, being split in loop B, can be more sensitive to changes done to the cleavage 

reaction conditions. This was the reason why an additional competition test was done with only 

200 eq catechol. However, 200 eq of catechol did not show better results, both systems were 

impacted by the catechol with a difference of 4 and 5% for F/G and F/bUG compared to the 

reaction without catechol. It could be assumed that the catechol induced π-π interactions in 

critical points of loop B disturbing the formation of the catalytic structure and the activity of 

the F/G ribozyme. 
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Figure 44: Average activities wihout or with 200, 500, and 1000 eq of catechol of F/G and F/bUG variants 

after 72 hours. All data were colected from three independant experiments. 

Nevertheless, the overall strategy of using the catechol clearly showed the critical role of the 

boronic acid ester in the assembly and in the stabilization of the split ribozyme system to 

improve or restore ribozyme activity.
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7. Ligation activity of borono-modified hairpin ribozyme 

variants 

The hairpin ribozyme is also known to be able to catalyze the ligation of two RNA pieces 

(Figure 2, p. 5). In this chapter, a new boron-modified variant was investigated to evaluate if 

the boronic acid ester can also show benefit on the ligation process.  

The minimized hairpin ribozyme used to catalyze cleavage activity is usually designed 

involving 6 base pairs in the helix 1 and only 4 in the helix 2 with the substrate, as explained 

earlier (Figure 3, p. 6). The cleavage products must then rapidly detach from the ribozyme to 

avoid the re-ligation of the substrate fragments. 

 

Figure 45: A) Structure of the HP-3WJ system used in this study. The red sequence is the substrate 

fragment added at the ligation step. The dotted line shows the position of the split region, and the blue 

letters are the name given to the two HP-3WJ pieces (split C and D HP-3WJ). The grey-filled dot 

represents the position of the ATTO680. The black arrow shows the cleavage site. B) Schematic 

representation of the conformation changes of the HP-3WJ containing a bulge between the helix 3 and 

5. 

The hairpin ribozyme used in this section was then designed in a three-way junction system 

(3WJ) to stabilize the substrate products from the cleavage for ligation (Figure 45A). For this 

purpose, the 3’-end of the ribozyme was extended with nine nucleotides and called HP-3WJ. A 

bulge containing three cytosines was introduced between helices 3 and 5 to give enough 

flexibility to the system for the required conformation change. Domains A and B can stack 

together without being disturbed by helix 5 which is pushed away (Figure 45B) (Yang & Millar, 

1996). The helix 5 was then complemented to the substrate with five additional base pairs. The 
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split-ribozyme HP-3WJ was fragmented at the same position as the C/D HPWTL2 variant, i.e., 

between the base G37 and U38 in the helix 4 and called C/D HP-3WJ variant. As for previous 

boron-modified HPWTL2 variants, the split-HP-3WJ variant was functionalized at the 5’-end 

of the split D HP-3WJ by mutation of the U38 with bU and called C/bUD HP-3WJ. 

The ligation strategy used in this study aimed to generate the cleavage of the substrate followed 

by the ligation of the 5’-labeled-substrate fragment to either the original 3’-end (back ligation) 

or to a newly added longer 3’-fragment of the substrate (Figure 46). The advantage of this 

method was that through the cleavage reaction the 5’-substrate fragment containing the 2’-3’ 

cyclic phosphate (cP) necessary for the ligation step was generated in situ, thus avoiding 

additional strands preparations and treatments. The cleavage reaction took place at 25 °C in 

presence of 200 nM ribozyme and 100 nM substrate in 50 mM tris-HCl with 100 mM MgCl2. 

After 4 hours of incubation, 200 nM of 3’-frag14-HPAS (red sequence in Figure 45 and Figure 

46) was added to the reaction and incubated first 30 min at 25 °C, then 2 hours at 6 °C to favor 

the ligation reaction. The reaction was again stopped with a mixture of urea and EDTA. To 

minimize the dilution effect before the addition of 3’-frag14-HPAS, only 0.2 µL of the reaction 

mixture was taken for the LiCOR analysis. Three RNA species detectable by fluorescence were 

then possibly present in the reaction medium: the original substrate (HPAS-ATTO680, 29 mer), 

the 5’-frag-HPAS-ATTO680 (20 mer), and the cross-ligated substrate to the 3’-frag14-HPAS 

(HPAS-ATTO680, 34 mer). 

Figure 46: Schematic representation of the cross-ligation strategy used with the boron-modified HP-

3WJ system. The grey filled dot represents the position of the ATTO680. The black arrow shows the 

cleavage site. The filled red dot shows the boronic acid ester position. 
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As expected, a third signal corresponding to the cross-ligated 34 mer substrate appeared on the 

gel electrophoresis analysis for the HP-3WJ, C/D HP-3WJ, and C/bUD HP-3WJ variants 

investigated. At the end of the cross-ligation reaction, the parent HP-3WJ ribozyme was able to 

cross-ligate the cleaved 5’-frag-HPAS-ATTO680 with the 3’-frag14-HPAS and obtained 53% 

of 34 mer HPAS-ATTO680 (Figure 47A). During the cleavage reaction, the curves 

corresponding to the 29 and 20 mer HPAS-ATTO680 quickly stabilized at 62% and 37%. The 

curve profile of the cleavage reaction obtained with HP-3WJ is most likely due to an 

equilibrium reached between the 29 and 20 mer HPAS-ATTO680 at 25 °C (Figure 47A). As 

soon as the 3’-frag14-HPAS was added to the reaction mixture, the equilibrium was broken and 

the ligation with 5’-frag-HPAS-ATTO680 was favored due to the excess of 3’-frag14 (200 nM) 

over HPAS-ATTO680 (100 nM) substrate. 

Concerning the unmodified C/D HP-3WJ variant, the ligation activity of the system 

considerably changed; indeed, only 33% of 34 mer HPAS-ATTO680 was produced after the 

addition of the substrate fragment (Figure 47B). But also, the use of the boronic acid ester to 

link the two C/D fragments of the HP-3WJ ribozyme did not permit restoring the cross-ligation 

activity of the parent system. At the end of the cleavage reaction, C/D and C/bUD HP-3WJ 

systems revealed the same amount of cleaved 20 mer HPAS-ATTO680 (63%). The ligation 

activity of C/bUD variant slightly decreased compared to C/D variant and gave only 23% of 34 

mer HPAS-ATTO680. 

The lack of effective ligation with the C/bUD variant could eventually be due to the mild Lewis 

acidity of the boronic acid and/or boronic acid ester. The boronic acid/boronate can ionize water 

forming borate anion and hydronium ion, H3O
+ (Martin et al., 2013). The produced 2’,3’-cyclic-

phosphate substrate from the cleavage reaction could be then hydrolyzed to 2’ or 3’-phosphate 

inhibiting the ligation. This explanation for the reduction of the ligation activity in presence of 

boronic acid is unlikely since the boronic acid/boronate do not have high acidity, for example, 

the phenylboronic acid has a pKa of 8.8 and 6.8 for its corresponding boronic acid ester formed 

with glucose. However, to eliminate this possibility the state of the cyclic phosphate was 

examined. 
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Figure 47: Gel electrophoresis and the time conversion curves for the cross-ligation activities of A) the 

parent HP-3WJ, B) the unmodified C/D HP-3WJ, and C) the modified C/bUD HP-3WJ variants. (200 

nM ribozyme, 100 nM HPAS-ATTO680, 200 nM 3’-frag-HPAS, 50 mM Tris-HCl, pH 7.5, 100 mM 

MgCl2). Data collected from three independent experiments. 
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The alkaline phosphatase (ALP) was added to the mixture after the cleavage reaction. This 

enzyme dephosphorylates the 3’- and 5’-phosphomonoester of DNA or RNA, therefore if the 

cyclic phosphate is hydrolyzed, the ALP can dephosphorylate the resulted monophosphate. The 

dephosphorylated sequence has then one charge less on its backbone and should therefore have 

a different migration compared to the untouched sequence on a PAA gel. As a control, T4-

polynucleotide kinase (PNK) was applied to the cleavage reaction before the addition of the 

ALP. The T4-PNK can open a 2’,3’-cyclic phosphate which can further be dephosphorylated 

by the ALP (Eastberg et al., 2004). 

The difference of migration between the cP 20 mer produced by cleavage reaction and its 

corresponding dephosphorylated 20 mer was observed for the line of C/D and C/bUD with PNK 

and ALP (Figure 48). The signal just above the 20 mer substrate thus corresponded to the 

dephosphorylated 20 mer. In comparison with the control line, no dephosphorylated substrate 

was observed for the lane of C/bUD HP-3WJ + ALP, similarly to the unmodified variant. These 

results show that the 2’,3’-cyclic phosphate of the 5’-HPAS-ATTO680 generated after cleavage 

was intact also in presence of the boronic acid/boronate function, rejecting the possibility of a 

missing cyclic phosphate as the reason for low ligation activity. 

 

Figure 48: Checking of the 2',3'-cyclic phosphate after cleavage with C/D and C/bUD HP3WJ in presence 

of alkaline phosphatase with the LiCOR (15% denaturing PAA gel). 
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Cross-ligation experiments have been studied with a borono-modified three-way junction 

hairpin ribozyme. While we have observed benefit in the cleavage efficiency of borono-

modified hairpin ribozymes, modifying a three-way junction hairpin ribozyme with boronate 

linkage for ligation purposes was not as successful. First, the positive effect of the boronic acid 

ester on the C/bUD HP-3WJ variant could not be seen compared to the unmodified C/D HP-

3WJ. The three-way structure, the high magnesium ions concentration, and the low temperature 

probably gave good stabilization conditions for the assembly and binding of the unmodified 

fragmented HP-3WJ. Most important, the ligation ability of the hairpin ribozyme is highly 

dependent on the stability of the structure and the catalytic component (Nahas et al., 2004). The 

boronate being different than a classic phosphodiester bond could induce a slight distortion on 

the three-dimensional structure of the ribozyme favoring the dissociation of the cleaved 

substrate over the ligation process. To confirm the distortion of the catalytic structure caused 

by the boronate, comparative structure studies could be done on the unmodified and borono-

modified HP-3WJ by X-ray crystallography. 

 

The cleavage and ligation activities of different borono-modified two- and three-way junction 

hairpin ribozymes have been studied. The use of boronic acid ester to covalently link 

fragmented hairpin ribozyme permitted to restore cleavage activity compared to unmodified 

split hairpin ribozyme. However, the success of the mutation of a phosphodiester by an isosteric 

boronate, in a functional RNA, is highly dependent on the position due to the number of 

interactions involved in the catalytic process. 
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8. Cleavage activity of borono-modified DNAzyme variants 

The catalytic activities of a functional DNA modified with a boronic acid ester at different 

positions to link the fragmented variants have also been studied regarding the interesting results 

obtained with the hairpin ribozyme. 

Like the borono-hairpin ribozyme variants, a DNA enzyme was also used for boronic acid 

incorporation. Two RNA cleaving DNA enzymes, also called DNAzyme 8-17 and 10-23, were 

developed by in-vitro selection in 1997 (Santoro & Joyce, 1997). The DNAzyme 10-23 was the 

most studied RNA-cleaving DNAzyme (Figure 49A). Smaller than the hairpin ribozyme, the 

DNAzyme 10-23 is a single-stranded DNA able to catalyze the hydrolysis of a ribonucleotide 

bond in presence of Mg2+ ions. The DNAzyme contains two helix domains binding to the RNA 

substrate and a catalytic core containing 15 nucleotides. The cleavage of the phosphodiester 

bond of the RNA substrate takes place between 5’-central purine (R) and the next 3’-pyrimidine 

(Y), resulting in RNA fragments, one with 2’,3’- cyclic phosphate and one with a 5’-hydroxyl 

group (Figure 49B). 

Like the hairpin ribozyme, the catalytic activity of the DNAzyme 10-23 is dependent on the 

presence of Mg2+. The detailed mechanism of the DNAzyme activity is yet to be revealed; a 

recent review summarized the studies done on the structure and mechanism of the system 

(Rosenbach et al., 2020). It appeared that the cleavage process is similar to the one used by the 

hairpin and other ribozymes, and a trans-esterification reaction is involved catalyzed by the 

action of two Mg2+cations (Figure 49B). One of the ions acts as a Lewis acid to facilitate the 

transfer of the proton from the 2’-OH to the phosphate group. The second Mg2+ coordinates and 

neutralizes the negative charge of the 5’-oxygen. 

Boron-modified DNAzyme and their respective control systems were prepared by the Ph.D. 

student Mégane Debiais in the laboratory of Prof. Michael Smietana at the University of 

Montpellier (Debiais et al., 2021). Five split DNAzyme systems were designed with different 

fragmentation positions: either between C11 and T12, C15 and T16, C24 and T25, C26 and T27, or 

C28 and T29 (Figure 49C). To form a boronic acid ester linkage between the two DNAzyme 

fragments, 3’-deoxycytidines at each split region were mutated with the ribocytidine to 

incorporate a 2’,3’-cis diol function. The 5’-thymidines of each second fragment were replaced 

by its 5’-boronic acid derivatives, previously synthesized. Like the hairpin ribozyme studies, 

non-nucleosidic derivatives were also used to incorporate the boronic acid function in split-
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DNAzyme variants, the phenylboronic acid and the naphtylboronic acid. For those split-

DNAzyme variants, the building blocks were either coupled after the 5’-thymidine or replaced 

this last base. Those boronic acid modifications were also incorporated in the sequence via 

phosphoramidite chemistry. Additional split-DNAzyme variants were using the phenylboronic 

acid incorporated by click chemistry. The RNA substrate was chemically synthesized with a 

propynyl group at its 3’-end, deprotected, and further labeled with the fluorophore ATTO680 

containing an azide group via click chemistry reaction. 

 

Figure 49: A) General representation of the DNAzyme 10-23 folded to a target RNA substrate 

(Rosenbach et al., 2020). The black arrow shows the cleavage site which is between pyrimidine (Y) and 

purine (R) nucleotides, the filled dots can be all four deoxy/ribonucleotides and the nucleotides marked 

in red are the essential deoxynucleotides. B) The cleavage mechanism of the 10-23 DNAzyme 

(Rosenbach et al., 2020). C) DNAzyme 10-23 variants used for the boron incorporation study. Dotted 

lines show fragmented regions and red T are mutated with the boronic acid derivatives. The filled grey 

dot corresponds to the position of the ATTO680 used to detect the RNA substrate. 

Activities of each borono-modified/unmodified DNAzyme variant were investigated in our 

laboratory in Greifswald together with Mégane Debiais (Debiais et al., 2021). For this purpose, 

conditions like for the hairpin ribozyme cleavage procedure were used, i.e., under single-

turnover conditions with 20 nM of substrate and 2 µM of DNAzyme variants in 50 mM Tris-
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HCl buffer at pH 8.5. The samples were denatured at 90 °C and pre-incubated 15 min at 25 °C 

before starting the cleavage reaction with the addition of 20 mM MgCl2 and let 2 hours at 25 

°C. 

The parent DNAzyme, as expected, showed good catalytic activity with approximately 80% of 

RNA substrate cleaved after 2 hours (Figure 50). Unmodified and modified split-DNAzyme 

systems exhibited good catalytic activities (Figure 50) except for the split-DNAzyme 1 (data 

not shown). Indeed, the phosphate linkage between the C11 and T12 was shown to be essential 

for the stabilization of the active site and the coordination of Mg2+ (Rosenbach et al., 2020). 

Therefore, catalytic activity was completely suppressed when opening this bond in the split 

DNAzyme 1. Also, replacing the T12 nucleotide with its bT derivative did not recover activity. 

It led to a boronic acid ester instead of a phosphate internucleosidic linkage, still inhibiting the 

catalytic activity of the DNAzyme. All other unmodified split-DNAzyme variants were able to 

catalyze the cleavage of the RNA substrate, between 45% and 80% depending on the split-site 

(Figure 50A). 

The lower cleavage efficiency obtained with the unmodified split-DNAzyme 4 and 5 systems 

(~45%) can be explained by possible difficulties to form back the catalytic core. Surprisingly, 

the split-DNAzyme 2 which was fragmented in the middle of the catalytic core (between C15 

and T16) showed high cleavage activity with and without boronic acid modifications (around 

80%). The impact of the boronate ester formation was seen via the cleavage rate of the reaction. 

The rate observed was 6-fold slower with the unmodified split-DNAzyme 2 than with the parent 

system and significantly faster with the modified bT variant (Debiais et al., 2021). The split-

DNAzyme 3, 4, and 5 systems with bT modified variants improved the activity, going up to 15-

20% improvement, and the rate of the reaction. The split DNAzyme 3 was applied to the 

competitive study with 1000 equivalents of catechol (Figure 50B). While in the presence of 

catechol the DNAzyme 10-23 lost 10% and the split DNAzyme 3 modified with 3’-rC lost 20% 

of their activities, the split DNAzyme 3 containing the 5’-boronic acid thymidine lost 40% of 

its activity. The activity of the modified split DNAzyme 3 in presence of catechol 

approximately reached back the activity of the unmodified split DNAzyme 3. 

The higher loss of activity of the borono-modified variants showed, once again, the dependence 

on the boronate linkage in the recovering of the activity. In addition to the boronic acid ester 

formed between catechol and the boronic acid, the catechol generally induced reduction of the 

split-DNAzyme 3 activity probably due to π-π interactions which could disturb the formation 

of the loop and thus the catalytic core. 
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Figure 50: A) Cleavage activity of DNAzyme variants unmodified or modified with 3'-rC and 5'-bT. 

The values presented are the amplitude A (cleavage efficiency) obtain from A(t)=A(1-e-bt) exponential 

fitting on the average set of data at different time points from three independent experiments. Data 

collected with the Ph.D. student Mégane Debiais, from the University of Montpellier, during her stay in 

our laboratory. B) Competitive studies with 1000 equivalents catechol on DNAzyme and Split 

DNAzyme 3 modified with 3’-rC only/and 5’-bT (2 µM of DNAzyme variants, 20 nM substrate, 50 mM 

Tris-HCl buffer, pH 8.5, 20 mM MgCl2, 25 °C). Data collected from three independent experiments. 

The other non-nucleosidic modifications used in the split-DNAzyme 1, 2, 3, and 4 variants did 

not remarkably influence the yield but generally slightly impacted the rate of the reaction 

(Debiais et al., 2021). The split-DNAzyme 4 variant modified either with bPh or bNa (with or 

without T27) cleaved with the same efficiency the RNA substrate as the unmodified variant but 

faster in presence of the bPh group. However, the use of bPh and bNa to form the boronic acid 

ester notably improved the cleavage activity of the different split-DNAzyme 5 variants, which 

was fragmented between C28 and T29, giving between 60 and 70% of cleavage efficiency. When 

the bPh and bNa replaced T29 in the split-DNAzyme 5, the cleavage activity decreased again 

probably due to a higher strain of the re-assemble DNAzyme structure. It seemed like bPh and 
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bNa groups may influence the stability of the re-assembled DNAzyme structure. A possible 

reason could be additional stacking interactions (Debiais et al., 2021). 

Using the bT derivative in the different systems showed the best cleavage activity recovery, 

most likely due to its similar structure to the native thymidine. As for the hairpin ribozyme 

variants, the parent and split-DNAzyme 3 systems with bT were applied to the competition 

experiment in presence of 1000 equivalent of catechol, to determine a decrease of activity. 

Those experiments confirmed the critical role of the boronate ester linkage formation in the 

stabilization of the system and thus in its catalytic activity.
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9. Amplification of borono-modified RNA template 

Boronic acid ester formation between two oligonucleotides has proved to be a successful 

method to reform functional RNA or DNA systems. A high number of split-aptamers have been 

developed over years (Debiais, Lelievre, et al., 2020) and this new linkage can also appear as a 

promising tool to promote an easier and cheaper re-assembly of split borono-modified 

RNA/DNA aptamer. The next big goal would be to develop a new in vitro selection approach 

based on the possibility to select borono-modified split aptamer from a pool of native and 

borono-modified nucleic acid derivatives. 

 

Figure 51: Principle of RNA aptamer development using SELEX cycle (Tuerk & Gold, 1990). 

The Systemic Evolution of Ligands by EXponential enrichment (SELEX) is a technic that 

selects an oligonucleotide from a pool of nucleic acids using its affinity for a specific target 

molecule (Figure 51) (Tuerk & Gold, 1990). This method is widely used to develop new 

aptamer systems. The process starts with the chemical synthesis of a DNA library containing 

random nucleotide sequences between two constant sequences and eventually a T7 promotor 

sequence at the 5’-end. In the case of RNA aptamer development, the DNA library is first 

amplified by polymerase chain reaction (PCR) and further applied to a transcription reaction to 

obtain a new pool containing RNA oligonucleotides. The RNA sequences able to interact with 
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the molecule target are isolated and amplified again by PCR. In the case of RNA sequences, 

the amplification PCR process must be preceded by the reverse transcription (RT) step to obtain 

the appropriate DNA template for PCR amplification. New SELEX cycles are then repeated 

introducing harsher binding conditions to obtain an enrichment of high-affinity binding RNA 

or DNA sequences. 

To develop a SELEX for the high-affinity selection of RNA borono-modified split aptamers, 

the selection would have to be done from a library of random unmodified and modified aptamer 

fragments. In presence of the target, the aptamer fragments would re-assemble held by the 

boronate linkage between the cis-diol of the 3’-end of the first fragment and the 5’-boronic acid 

of the modified fragment. Once the borono-modified split-aptamer would be selected, the 

amplification of the fragment by RT-PCR would be necessary for the next SELEX rounds. 

However, the two conserved primer binding site sequences on each extremity of the selected 

sequences necessary for primer annealing during the RT- and amplification PCR cannot be 

present before the split-aptamer selection. Indeed, if the split-aptamer fragments contained the 

constant sequences during the selection, the re-assembly of the functional structure in presence 

of the specific target cannot correctly occur, decreasing or suppressing the split-aptamer 

selection efficiency. To overcome this limitation, it is important to develop a method permitting 

to ligate the conserved sequences on the selected split-aptamer. For this purpose, the enzymatic 

ligation method cannot be used to fix the constant sequences. Indeed, for efficient ligation, a 

splint binding the acceptor and donor strands must be used, however, the nature of the selected 

sequence is not known before the end of the complete SELEX method. Additionally, for the 

selection of borono-modified split-aptamers, the conserved sequence cannot be ligated on the 

5’-termini of the modified fragment due to the presence of the 5’-boronic acid instead of the 5’-

phosphate group. As explained previously, the general ligase mechanism implicates the transfer 

of the adenosine monophosphate on the 5’-phosphate group forming a diphosphate bridge 

(section 3.3, p. 27). 

Therefore, a newly designed strategy using the potential of the 5’-boronic acid-modified RNA 

template with a known 3’-sequences to form a boronate linkage with the 2’,3’-cis-diol of the 

second constant RNA sequence will here be introduced. The borono-modified RNA template 

containing the two constant sequences at each end can then be used to generate the copied DNA 

(cDNA) from complement DNA primers and be amplified by PCR. 
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Figure 52: Reverse transcription (RT) strategy to generate cDNA strand from borono-modified RNA 

template with an adapter. The bigger filled grey dot represents the position of the ATTO680. 

With the help of the bachelor student Johanna Latussek, the first step was to evaluate the 

capacity of a reverse transcriptase to generate the cDNA of a borono-modified RNA template 

from a DNA primer (Figure 52). For this purpose, the 5’-boronouridine-modified RNA 

sequence (25 mer, detailed sequence p. CXXIX) was used as an experimental model for the 5’-

borono-modified random sequence with a 3’-constant sequence and named bU template. The 

borono-modified template would form a boronic acid ester with the 2’,3’-cis-diol of the constant 

sequence, called adapter strand here (T7-promotor sequence, detailed sequence p. CXXIX). A 

DNA splint was used to stabilize the formation of boronate linkage formation between the 

template and the adapter. The hypothesis would be that the reverse transcription from a 12 mer 

DNA primer of the bU template further transcribes the adapter with strand displacement of the 

splint. Different splint sizes were tested to identify which system was the most appropriate to 

stabilize the boronic acid ester and favor the reverse transcription of the complete RNA 
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template/adapter. Splint’s lengths of 12 and 18 mer with an overlapping of the boronate from 0 

to 3 nt were used (splint sequences detailed p. CXXIX). The DNA primer was functionalized 

with ATTO680 on the 5’-extremity and therefore the transcription products were analyzed with 

a 15% denaturing LiCOR PAA gel. 

 

Figure 53: 15% denaturing PAA LiCOR gel showing the RT results with A) different 12 mer splints and 

B) 18 mer splints (0.05 µM of template, primer, splint, and adapter, 1 µM of dNTP in 1x reaction buffer, 

40 U/µL of RNAseOUT and 2000 U/µL of SuperScript III, 1h at 45 °C). Data collected by the bachelor 

student Johanna Latussek. 

The reverse transcription reaction took place in presence of 0.05 µM of each sequence 

(template, primer, splint, and adapter), dNTP, DTT, RNAseOUT protein, and the enzyme 

SuperScript III for 1h at 45 °C (procedure from Thermo Fisher Scientific). The SuperScript III 

is a variant of M-MLV reverse transcriptase with lower RNAse H activity. This enzyme was 

used because of its broad range of substrate and modified-system acceptance (Thermo Fisher 

Scientific chart). As controls, a copy DNA of the template only was labeled with ATTO680 

and was inserted in the LiCOR gel showing a signal corresponding to a 25 mer. The reverse 

transcription also proceeded on the nonmodified (RT Temp) and modified templates without 
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the splints and adapter (RT bU Temp). The successful reverse transcription of the template and 

the adaptor would show a signal corresponding to a 43 mer. The reverse transcription of the 

template was successful with all 12 and 18 mer splint sizes tested (Figure 53A and B). Indeed, 

signals corresponding to the 25 mer cDNA can be observed for all splints 12 and 18, +1, +2, 

+3 nt. However, no 43 mer signals were detected for all the splint sizes used indicating that the 

enzyme was not able to transcribe the adapter sequence. Signals for 24 mer transcription 

products were also obtained with higher intensity than the 25 mer signals indicating that the 

enzyme did not only fail at the boronate linkage position but mostly at the nucleotide before. 

This failure could be due to the presence of the boronic acid/boronate function; the 24 mer 

signal was detected for the control transcription of the bU template (RT bU Temp) but not the 

unmodified one (RT Temp). A second possibility would be that the double helix formed by the 

splint and the adapter to stabilize the boronate also (Kelleher & Champoux, 1998). Additionally, 

the signals obtained for 26 mer can either be a transcription failure (Ohtsubo et al., 2017) 

because it was also observed for the control experiment (RT temp) while the reaction did not 

contain the adapter or the RT of 1 nucleotide from the adapter sequence after the boronate 

linkage. Different parameters have been changed to stabilize the boronic acid ester and/or the 

enzyme activity like the pH, temperature, concentrations, but the reverse transcription results 

remained the same (bachelor thesis of Johanna Latussek). From those observations, it could be 

assumed that either the boronate linkage between the template and the adapter is not formed or 

that the activity of the enzyme is inhibited by either the double helix region or by the 5’-boronic 

acid and/or boronate. 

The experimental model consisting of generating a cDNA from a 5’-boronic acid-modified 

template linked to an adapter by a boronate using a DNA splint was not successful. The adapter 

on the 5’-termini of a boronylated template was not transcribed by the reverse transcriptase, 

only the cDNA corresponding to the template was produced. Therefore, the functionalization 

of the template with an adapter was revised. We decided then to add the adapter on the 3’-

termini of the template to generate the cDNA. The DNA primer can anneal the adapter sequence 

and be elongated by the reverse transcriptase. The boronate linkage was once again meant to 

covalently bind the 5’-end of the adapter and the 3’-end of the template. 

In this second RT strategy, the adapter was functionalized with the boronic acid on its 5’-

extremity instead of the template (Figure 54A). The adapter sequence used was a 13 mer 

containing 5’-boronic acid uridine and named bU adapter (sequence detailed p. CXXX). The 

RNA template was a 15 mer having a GC rich 3’-end to stabilize the binding of the primer 
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(sequence detailed p. CXXX). The DNA primer labeled at the 5’-end with the ATTO680 

annealed the adapter with 13 nucleotides and several sizes were tested to overlap the boronic 

acid ester: +1, +2, +3, +5 nt. In this way, the enzyme would start the reverse transcription of 

the RNA template after the boronate linkage and without the necessity of strand displacements. 

If the reverse transcription of the template from the DNA primer annealed to the adapter is 

successful, the complete cDNA sequence must be 28 nucleotides long. 

 

Figure 54: A) Second reverse transcription strategy where the adapter is functionalized with 5'-bU. The 

bigger filled grey dot represents the position of the ATTO680. B) 15% denaturing LiCOR PAA gel of 

the RT reaction with different primer sizes. Data collected by the bachelor student Johanna Latussek. 

After several reverse transcription experiments varying conditions (bachelor thesis of Johanna 

Latussek), cDNA products were observed. Concentrations of primer, template, and bU adapter 

were increased from 0.05 to 0.5 µM and the incubation temperature was decreased to 25 °C 

instead of 45 °C (Figure 54B). The RT control experiments proceeded with the template and 

primer but without bU adapter. The cDNA products were observed for both RT with and 

without the bU adapter when the primer 13+5 was used. The five additional nucleotides were 

enough to allow primer binding to the template and to elongate the primer even without the bU 

adapter. However, signals corresponding to the 28 mer cDNA products were detectable for the 
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reverse transcription of the bU adapter/template sequence from the primer 13+2 and 13+3 while 

no reaction took place without the bU adapter. It can be then concluded that the 5’-borono 

modified adapter formed a boronate with the 2’,3’-cis-diol of the template and that the reverse 

transcriptase was able to generate the cDNA when the primer bind the bU adapter and a 

minimum of two nucleotides with the 3’-termini of the template. 

Results obtained for the reverse transcription of borono-modified adapter ligated on the 

template are promising. Indeed, we could generate a cDNA containing a known 5’-constant 

sequence from a template modeling a randomly selected RNA fragment. Using boronic acid 

modification to attach the constant sequence, it is necessary to know only two nucleotides of 

the 3’-termini of the selected RNA fragment to elongate the DNA primer. This would slightly 

limit the library’s variability in the hypothesized boronate-modified aptamer SELEX procedure. 

But since it’s only two nucleotides that would need to be conserved in the sequence; this 

limitation is almost negligible. 

 

Figure 55: Schematic representation of the new SELEX strategy. Filled black dots represent the 5’-

boronic acid and the filled red dots are the boronic acid ester. The filled green dot represents the target. 

Now that the cDNA sequence contains the 5’-constant sequence, the next goal to develop the 

new SELEX (Figure 55) would be to ligate a second constant sequence on the 3’-termini of the 
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cDNA to enable the amplification by PCR. However, the RNA ligases are efficient for ligation 

of 5’-end donor oligonucleotide and a 3’-end acceptor RNA but limited for the ligation to 3’-

end acceptor DNA (Bullard & Bowater, 2006). For this purpose, one could use the terminal 

deoxyribonucleotidyl transferase (Tdt) to attach a homopolymeric tail to the 3’-end of the 

generated cDNA. The second constant sequence could then be ligated to the homopolymeric 

tail with RNA ligase. This Tdt-assisted adenylate connector-mediated ssDNA (TACS) ligation 

method has been efficiently used to ligate a ssDNA tailed on its 3’-end with a second ssDNA 

adapter (Miura et al., 2019). In the first step, the ssDNA was adenylated on its 5’-end with Tdt 

and ATP, giving a 5’-ribonucleotide tail donor. The RNA ligase can then successfully ligate 

the 5’-adenylated ssDNA and the 3’-end of a second ssDNA strand. The TACS method could 

be tried as future experiments to obtain cDNA suitable for the PCR. Once the dsDNA sequence 

would be efficiently synthesized and amplified, the 5’-borono modified RNA used for the next 

cycle could be generated by in-vitro transcription with 5’-borono-modified-U-GMP priming. 

The next cycle could then take place. 
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10. Summary and conclusion 

Due to the emergence of split DNA/RNA aptamers, the development of simple and practical 

linkages helping the re-assembly has been of great interest. Through this work, a boronic acid 

ester linkage has been studied to help the stabilizing of the folded of the fragmented functional 

RNA/DNA structure. The new linkage has been used on hairpin ribozyme and DNAzyme 

systems which are both able to catalyze the cleavage of an RNA substrate. To create the 

boronate linkage, one of the fragments must contain a 2’,3’-cis-diol and the other one a 5’-

boronic acid function. The incorporation of the boronic acid function has been principally done 

via the mutation of the last 5’-uridine/thymidine by a boronic acid uridine/thymidine derivative. 

Non-nucleosidic boronic acid structures, phenyl- or naphthyl boronic acid, which are easily 

available on the market, have also been investigated. The boronate internucleosidic linkage 

formed a covalent bond between the two nonfunctional fragments allowing them to stabilize 

the functional structure. This boronate linkage has shown to be successful and activities of re-

assembled functional systems have been observed. The best results were obtained with the 

boronic acid uridine and thymidine derivatives due to their close DNA/RNA like-structure. The 

non-nucleosidic groups were mostly decreasing the catalytic activity of the system compared 

to the unmodified split-variant. The lower efficiency could be explained by distortion of the 

catalytic structure due to either the lack of a base pair or the addition of those groups. 

Additionally, the aromatic structure of the phenyl and naphthyl groups might induce π-π 

interactions with the bases of the oligonucleotides blocking the proper assembly of the 

functional system. 

Several positions for the boronate internucleosidic linkage have been studied for the hairpin 

ribozyme and the DNAzyme. Incorporating this linkage in the DNAzyme structure appeared to 

be less position-dependent than in the hairpin ribozyme. Indeed, most of the tested split-

DNAzyme variants showed better activity with the boronate than the unmodified split-

DNAzymes. The use of the boronate linkage in the hairpin ribozyme appeared to be successful 

when it is in helix 4 between G33 and U34. The recovery of the activity was almost completed 

and reached 54% with the borono-uridine while the original hairpin ribozyme catalytic activity 

obtained was 64% after 3 hours. The borono-thymidine derivative was also helpful and 

increased the yield of the cleaved substrate to 45%. The templated area is given by the helix 

and facilitates the formation of the boronic acid ester and the functional structure. Nevertheless, 

at the same position, the nonmodified split ribozyme also showed surprising activity (32% after 
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3 hours) which could also make it promising for applications. Additionally, the variation of 

conditions, like pH and temperature, can switch the stability of the boronate linkage making it 

suitable for a broader range of applications. 

On the other hand, the hairpin ribozyme cannot be modified at any position. The complex three-

dimensional structure and the number of interactions involved in the catalytic conformation 

bring limitations in the design of the new borono-modified hairpin ribozyme. Certainly, using 

the boronic acid ester in a templated area helps to form the linkage between the two fragments, 

however, the boronic acid ester formation does not necessarily mean that the ribozyme recovers 

the catalytic activity. Indeed, when the boronic acid ester was positioned in helix 2, more 

precisely between G11 and U12, the ribozyme was not able to efficiently cleave the substrate. 

The unmodified variant was unstable, could not bind the substrate, and form the catalytic 

structure. Its borono-modified analog eliminated hydrogen bonds formed by the 2’-hydroxyl 

group of G11 which are necessary for ribose zipper and the docked conformation (Ryder & 

Strobel, 1999). 

Interestingly, the boronic acid ester does not necessarily need to be in the templated area. Good 

cleavage activities have been observed for fragmentation regions located in a loop. For instance, 

the boronate linkage was used to re-assemble the hairpin ribozyme fragmented in loop B. The 

stability of loop B is known to be an important parameter for the catalytic activity of the 

ribozyme. Two fragmentation positions, between G36/U37 and A38/U39, were tested and both 

variants were surprisingly able to exhibit catalytic activity. When the split regions were in the 

loop, the cleavage reaction was extended to 144 hours to get a well detectable efficiency. The 

longer time was beneficial since cleaved substrate was observed with borono-modified and, 

more unexpected, with the unmodified split-ribozyme variant. Indeed, the ribozyme variant 

forming a boronate linkage between G36 and U37 cleaved 50% of the substrate and 40% for the 

unmodified variant. The unmodified split variant between A38 and U39 had a cleavage efficiency 

of 17%. A boronic acid ester linkage between those two bases decreased the activity of the re-

assembled system to 10% using the boronic acid uridine derivative. The 2’-hydroxyl group of 

A38 forms a hydrogen bond with G+1 of the substrate (Rupert & Ferré-D’Amaré, 2001), which 

is missing when the phosphate linkage between A38 and U39 is replaced with the boronate. The 

mutation of the ribose by deoxyribose had more impact on the stability of loop B than the use 

of the borono-uridine derivative. The use of the borono-thymidine derivative instead of the 5’-

U37 or U39 to form the linkage reduced the activity to 25% and 8%, respectively. The 2’-

hydroxyl group of those two nucleotides probably form interactions to stabilize the catalytic 
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structure. The split-ribozymes with the split-sites in loop B are greatly interesting, unmodified 

split ribozymes, which contained only 13 or 11 nucleotides for G and I fragments, were able to 

form the catalytic structure to a stage that allowed cleavage to take place.  

The boronic acid ester linkage clearly played an important role in the stabilization of the re-

formed functional nucleic acid systems. Competition experiments with an additional cis-diol, 

catechol, have confirmed the significance of the linkage in the catalytic activity of the split-

ribozymes and split-DNAzymes. In presence of 1000 equivalent catechol, the borono-

functional system lost efficiency. A ratio of boronic acid-modified oligonucleotide formed 

boronate with the catechol instead of the 2’,3’-cis-diol of the second oligonucleotide. In 

competitive experiments, the borono-modified functional system almost fell back to the activity 

of the unmodified system. 

For the hairpin ribozyme, the most efficient catalytic activity has been recovered using the 

borono-nucleosidic derivative. But for some systems, the non-nucleosidic boronic acid building 

block can show great advantages, like in the mango aptamer (publication in preparation). 

Therefore, depending on the functional nucleic acid used, the boronic acid function does not 

have to be a nucleoside derivative which can facilitate the synthesis and preparation of the 

borono-modified oligonucleotides. 

The boronate internucleosidic linkage cannot be integrated at any position inside of a system 

but cannot also be used with all functional nucleic acids. For ligation intention, the three-way 

junction hairpin ribozyme has been fragmented in helix 4 and modified with the boronic acid 

function on the 5’-extremity. Like for the classic hairpin ribozyme, no specific interactions take 

place at the chosen split region for catalytic activities, the boronic acid ester nevertheless 

decreased the ligation capacity of the ribozyme compared to the parent and unmodified split 

systems. In this case, the boronic acid ester, different than a natural phosphodiester linkage, 

could induce a tiny change in the overall structure of the ribozyme followed by a big change in 

its activity. The ligation process is known to be highly dependent on a stable tertiary structure 

of the properly folded ribozyme which makes the use of the boronate linkage limited in this 

purpose. 

Concluding, this work has successfully shown the potential of boronic acid ester linkage in 

DNA/RNA functional systems and opened new project possibilities, e.g., the development of a 

SELEX method able to design borono-modified aptamer.  
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11. Experimental part 

11.1. Materials  

• Enzymes 

Enzymes were put on ice during utilization. 

Alkaline phosphatase FastAP Thermo Fisher Scientific 

DNAse I Fermentas 

Klenow exo- polymerase Fermentas 

T4 RNA Ligase II BioLabs  

T4 Polynucleotide kinase Thermo Fisher Scientific 

T7 polymerase Fermentas 

SuperScript III reverse transcriptase Thermo Fisher Scientific 

• Buffers and solutions 

Buffers and gel solutions were systematically sterilized with 0.2 µm filter before using.  

Ammonia (32%)  

Denaturing polyacrylamide gel solution 20% Acrylamide/bisacrylamide (19:1), 1x 

TBE, 7 M Urea 

Denaturing loading buffer 98% (v/v) Formamid, 2% (v/v) 0.5 M 

EDTA 

FastAP buffer (10x) 100 mM Tris-HCl (pH 8), 50 mM MgCl2, 1 

M KCl, 0.2% Triton X-100 and 1 mg/mL 

BSA, Thermo Fisher Scientific 

First-strand buffer (5x) 250 mM Tris-HCl (pH 8.3) 375 mM KCl, 

15 mM MgCl2, Thermo Fisher Scientific 

HEPES buffer (5x)  400 mM HEPES pH 7.5, 60 mM MgCl2, 10 

mM Spermidin, 200 mM DTT 

Klenow buffer (10x)  500 mM Tris-HCl (pH 7.6), 100 mM 

MgCl2, 500 mM NaCl 

Marker  Bromophenol blue, xylene cyanol 

Methylamine in ethanol (8 M)  
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Native polyacrylamide gel solution 20% Acrylamide/bisacrylamide (19:1), 1x 

TBE 

Native loading buffer 50% (v/v) Glycerin in 1x TBE 

Reaction buffer A (10x) 500 mM Tris-HCl (pH 7.6), 100mM MgCl2, 

50 mM DTT, Thermo Fisher Scientific 

RP-HPLC buffer A 0.1 M TEAAc, 5% MeCN 

RP-HPLC buffer B 0.1 M TEAAc, 30% MeCN 

Sodium acetate buffer 0.3 M or 3 M NaOAc, pH 5.6 or pH 6.6 

Sodium carbonate buffer 0.2 M Na2CO3, pH 8.4 

Stop- Mix 7 M urea, 50 mM EDTA 

SYBR gold (10000x) Thermo Fischer Scientific 

T4 RNA ligase buffer (10x) 500 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 

10 mM DTT, BioLabs 

TAE buffer (25x) 1 M Tris-acetate (pH 8.4), 25 mM EDTA 

TBE buffer (10x) 1 M Tris/HCl (pH 8.3), 0.83 M Boric acid, 10 

mM EDTA 

Tris-HCl Buffer (10x) 500 mM Tris-HCl, pH 7.5, 8.6, or 9.6 

• Devices and software 

Centrifuge  Centrifuge 5400, Eppendorf 

Centrifuge 5804R, Eppendorf 

Hereus Fresco17 Centrifuge, Thermo 

Scientific 

Micro centrifuge, Roth 

DNA/RNA synthesizer Gene Assembler Special, Pharmacia 

Fluorescence spectrometer Jasco FP6500 

Gel electrophoresis Electrophoresis Power Supply, EPS 3500, 

Pharmacia Biotech 

HPLC Äkta Purifier, Amersham Biosciences, 

Pump: P-900, Amersham Biosciences,  

UV-detector: UV-900, Amersham 

Biosciences,  

Column: Nucleodur 100-5 C18 EC 250/4  

MALDI TOF Bruker 
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Nanodrop Denovix DS-11 

spectrophotometer/fluorometer series 

NMR spectrometer Bruker 300 MHz 

PCR-thermocylcer T300 Thermocycler, Biometra 

Photosystem Chemi-Smart 2000 Photosystem 

Scale  Scale TE 1502S, Sartorius 

Software for graphic Origin 8.0 or Excel 

Software for LiCOR gel analysis Image Studio Lite Version 5.2 

Software for NMR spectra  1D NMR processor 

Software for oligonucleotides analysis Oligo Analyzer (IDT) 

Software for picture design ChemDraw Ultra 8, CorelDraw Graphics X3 

Software for RNA structure analysis RNAstructure 5.3 (Methews Lab) 

Vacuum centrifuge Concentrator plus, Eppendorf 

Water filtration Barnstead Nanopure, Thermo Scientific 

11.2. Methods  

Buffers and solutions were filtered with 0.2 µm filters before being used and the gel solutions 

were passed through a 0.45 µm filters. Buffers were prepared with distillated water. The RNA 

sequences were stored at -20 °C and put on ice when they were used. 

11.2.1. Phosphoramidite synthesis 

• 2-cyanoethyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)) 

diisopropylphosphoramidite 2 
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4-hydroxyphenyl boronic acid pinacol ester 1 (150 mg, 0.68 mmol) was co-evaporated in 

anhydrous DCM (3×5 mL) and dissolved in 2 mL DCM at room temperature under argon 

atmosphere. DIEA (208 µL, 1.224 mmol) and 2-cyanoethyl-N,N-diisoprpopylchloro-

phosphoramidite (227 µL, 1.02 mmol) was added to the mixture and stirred at room temperature 

for 4 h. The reaction was followed by TLC. The solvent was evaporated under reduce pressure 

and the crude was directly purified by silica gel column chromatography (Hexane/EA/TEA: 

80/10/10) to give the compound 2 in 27% yield (77.11 mg). 

Rf: 0.28 (Hexane/EA/TEA: 80/10/10) 

NMR 1H (300 MHz, CDCl3) δ (ppm): 7.73 (d, J=8.4 Hz, 2H Har), 7.04 (dd, J= 8.6 Hz and 1.4 

Hz, 2H, Har), 3.98-3.90 (m, 2H, CH2 CEP), 3.81-3.66 (m, 2H, CH2 CEP), 2.67 (t, J= 6.6 Hz, 2H, 

CH iPr CEP), 1.34 (s, 12H, CH3 pinacol), 1.24 (d, J= 6.5 Hz, 6H, CH3 iPr CEP), 1.16 (d, J= 6.9 Hz, 

6H, CH3 iPr CEP) 

NMR 31P (121.5 MHz, CDCl3) δ (ppm): 146.81 

• 2-cyanoethyl (6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphtalen-2-yl) 

diisopropylphosphor-amidite 4 

 

6-(tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene-2-ol 3 (280 mg, 1.036 mmol) was co-

evaporated in anhydrous MeCN (3×5 mL) and dissolved in 4 mL MeCN at room temperature 

under argon atmosphere. DIEA (390 µL, 2.3 mmol) and 2-cyanoethyl-N,N-diisoprpopylchloro-

phosphoramidite (400 µL, 1.79 mmol) was added to the mixture and stirred at room temperature 

for 3 h. The reaction was followed by TLC (Hexane/EA: 85/15). The solvent was evaporated 

under reduce pressure and the crude was directly purified by silica gel column chromatography 

(Hexane/EA/TEA: 85/13/2) to give the compound 4 in 36% yield (169 mg). 

Rf: 0.3 (Hexane/EA: 85/15) 
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NMR 1H (300 MHz, CD3CN) δ (ppm): 8.24 (s, 1H, H10), 7.90 (d, J=8.9 Hz, 1H, H8), 7.80-7.68 

(d, J= Hz, ),7.51 (bs, 1H, H5), 4.02-3.86 (m, 2H, CH2 CNE), 3.85-3.70 (m, 2H, CH iPr), 2.72 (t, 

J=6 Hz, 2H, CH2 CNE), 1.35 (s, 12H, CH3 pinacol), 1.24 (d, J=6.9 Hz, 6H, CH3 iPr), 1.19 (d, J=6.8 

Hz, 6H, CH3 iPr) 

NMR 31P (121.5 MHz, CD3CN) δ (ppm): 146.34 

• 3’-O-(cyanoethyl-N,N-diisopropylphosphoamidite)-5’-MIDA boronate 

Thymidine 6 

 

The 5’-MIDA boronate Thymidine 5 (80.7 mg, 0.204 mmol) was co-evaporated in anhydrous 

MeCN (3×5 mL) and dissolved in 3 mL DCM/MeCN (1:1, v/v) at room temperature under 

argon atmosphere. DIEA (63.5 µL, 0.3645 mmol) and 2-cyanoethyl-N,N-diisoprpopylchloro-

phosphoramidite (67 µL, 0.3037 mmol) was added to the mixture and stirred at room 

temperature for 3 h. The reaction was followed by TLC (EA/Acetone/TEA: 45/45/10). The 

solvent was evaporated under reduce pressure and the crude was directly purified by silica gel 

column chromatography using a gradient of 0-25% of Acetone in EA containing 10% TEA to 

give the compound 6 in 47.6% yield (38.1 mg). 

Rf: 0.21 (EA/Acetone/TEA: 75:20:5) 

• 2’-O-(tert-Butyldimethylsilyl)-3’-O-(cyanoethyl-N,N-

diisopropylphosphoamidite)-5’-MIDA boronate Uridine 8 
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The 2’-O-(tert-Butyldimethylsilyl)-5’-MIDA boronate Uridine 7 (50 mg, 0.09776 mmol) was 

co-evaporated in anhydrous MeCN (3×5 mL) and dissolved in 1.5 mL DCM at room 

temperature under argon atmosphere. DIEA (33.6 µL, 0.1939 mmol) and 2-cyanoethyl-N,N-

diisoprpopylchloro-phosphoramidite (36 µL, 0.1616 mmol) was added to the mixture and 

stirred for 3 h. The reaction was followed by TLC (EA/Acetone/TEA: 75/23/2). The solvent 

was evaporated under reduce pressure and the crude was directly purified by silica gel column 

chromatography using a gradient of 0-25% of Acetone in EA containing 2% TEA to give the 

compound 8 in 75.2% yield (54.8 mg). 

Rf: 0.34 (EA/Acetone/TEA: 75/23/2) 

NMR 1H (300 MHz, CD3CN) δ (ppm): 7.42-7.39 (dd, J= 8.16 Hz and 1.65 Hz, 1H, H6), 5.85-

5.82 (dd, J= 2.57 Hz and 5.78 Hz, 1H, H1’), 5.67-5.64 (dd, J=1.10 Hz and 8.07 Hz, 1H, H5), 

4.30-3.58 (m, 12H, H2’, H3’, H4’, 2×CH2 MIDA , 2×CH2 CEP), 2.84 (ds, 3H, CH3 MIDA), 2.68-2.63 

(dt, J=1.10 Hz 2H, CH CEP), 1.83-1-58 (m, 2H, H5’), 1.22-1.15 (m, 12H, 4×CH3 CEP), 0.8-0.85 

(2×s, J=4.22 Hz, 9H, CH3 SitBu), 0.79-0.57 (m, 2H, H6’), 0.1-0.03 (m, 6H, CH3 Si(Me)2) 

NMR 31P (121.5 MHz, CD3CN) δ (ppm): 148.7 and 150.11 

11.2.2. Chemical oligonucleotide synthesis  

Oligoribonucleotides were synthesized by phosphoramidite method on a solid phase in 1 µmol 

scale. 
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Table 5: General procedure for oligoribonucleotides synthesis 

Step Reaction Reagent Time 

1 Detritylation 4% dichloroacetic acid in 1,2-dichloroethane 36 s 

2 Coupling 0.1 M in MeCN + 0.3 M BMT in MeCN 5 min 

3 Capping Cap A: N-methylimidazole in MeCN (1:5, v/v) 

Cap B: Acetic anhydride/2,4,6-collidine/MeCN (2:3:5) 
48 s 

  

4 
Oxidation 0.01 M Iodine in 2,4,6-collidine/water/MeCN (1:5:11, 

v/v/v) 

18 s 

Table 6: Oligoribonucleotides synthesis with modified phosphoramidites 

Step Reaction Reagent Time  

1 Detritylation 4% dichloroacetic acid in 1,2-dichloroethane 36 s 

2 Coupling 2: 0.15 M in MeCN + 0.3 M BMT in MeCN 

4: 0.15 M in MeCN + 0.3 M BMT in MeCN 

6: 0.12 M in MeCN + 0.3 M BMT in MeCN 

8: 0.12 M in MeCN + 0.3 M BMT in MeCN 

5 min 
  

  

  

3 Capping Cap A: N-methylimidazole in MeCN (1:5, v/v) 

Cap B: Acetic anhydride/pyridine/MeCN (2:3:5) 
48 s 

  

4 Oxidation 0.01 M Iodine in pyridine/water/MeCN (1:5:11, v/v/v) 18 s 

11.2.3. RNA deprotection 

The solid support attached to the RNA was incubated in 1:1 (v/v) mixture of 8 M methylamine 

in ethanol with 32% ammonia for 40 min at 65 °C. During this reaction, the RNA strand is 

cleaved from the solid support and the base protection groups are removed. When the solution 

was cooled down to room temperature, the supernatant was collected and the solid support was 

washed 3 times with 1:1 (v/v) ethanol:water solution. The washing solution was combined with 

the supernatant and dried under reduced pressure. The RNA was then incubated with TEA·3HF 

in DMF (3:1, v/v) for 1.5 h at 55 °C to remove the 2’-tBDMS protecting groups. The 

deprotected RNA was then precipitated in butanol and purified with denaturing PAGE or 

HPLC. The RNA of interest was eluted from the gel with 0.3 M NaOAc (pH 5.6) and isolated 

via Ethanol precipitation. 

11.2.4. RNA strands chemically synthesized 
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• Synthesized split hairpin ribozyme sequences without modifications 

Table 7: Synthesized sequences without modifications and their molecular masses (structure of the 

hairpin ribozyme in the annex p. CXXIV) 

Names Sequences (5’-3‘) Calc. m/z [M+H]+ m/z [M+H]+ 

Split A HPWTL2  AAA GAG AGA AG 3624 3620 

Split B HPWTL2  UGA ACC AGA GAA ACA CAC GUU 

GUG GUA UAU UAC CUG GU 
12193.4 n.d. 

Split B HPWTL2 

S2 

CAC ACG UUG UGG UAU AUU ACC 

UGG U 
7938 7916 

Split D HPWTL2 UGG UAU AUU ACC UGG U 5061 5051 

Split F HPWTL2 AAA GAG AGA AGU GAA CCA 

GAG AAA CAC ACG UUG UGG 
11754 12002 

Split G HPWTL2 UAU AUU ACC UGG U 4064 4086 

Split H HPWTL2 AAA GAG AGA AGU GAA CCA 

GAG AAA CAC ACG UUG UGG UA 
12390 12648 

Split I HPWTL2 UAU UAC CUG GU 3429 3411 

• Synthesized split hairpin ribozyme sequences with modifications 

 

Figure 56: Structures of the different modifications on the 5'-end of the RNA sequences. 

Table 8: Synthesized sequences with modifications 

Names Sequences (5’-3’) Calc. m/z [M+H]+ m/z [M+H]+ 

Split bPh+D HPWTL2 bPhUGG UAU AUU ACC UGG U 5258 5248 

Split U/PhD HPWTL2 bPhGG UAU AUU ACC UGG U 4954 4867 

Split bPh+G HPWTL2 bPhUAU AUU ACC UGG U 4263; 4281a 4279 

Split bPh+I HPWTL2 bPhUAU UAC CUG GU 3628 3601 
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Split bNa+D HPWTL2 bNaUGG UAU AUU ACC UGG U 5310 n.d. 

Split U/bNaD HPWTL2 bNaGG UAU AUU ACC UGG U 5004; 4970c 4976 

Split bNa+G HPWTL2 bNaUAU AUU ACC UGG U 4313 4308 

Split bNa+I HPWTL2 bNaUAU UAC CUG GU 3678 3673 

Split bTD HPWTL2 bTGG UAU AUU ACC UGG U 5099; 5054b; 4754d 5048, 4701 

Split bTG HPWTL2 bTAU AUU ACC UGG U 4103; 4058b 4055 

Split bTI HPWTL2 bTAU UAC CUG GU 3468 3460 

Split bUB HPWTL2 S1 bUGA ACC AGA GAA A 4236 n.d. 

Split bUD HPWTL2 bUGG UAU AUU ACC UGG U 5101; 5067c 5073 

Split bUG HPWTL2 bUAU AUU ACC UGG U 4105; 4060b  4057 

Split bUI HPWTL2 bUAU UAC CUG GU 3470; 3426b 3426 

Note: a m/z obtained for [M+NH4]
+; b m/z obtained for [M-B(OH)2]

+; C m/z obtained for [M-

(OH)2]
+; d m/z obtained for [M-bT]+ 

11.2.5. Enzymatic reactions 

• Klenow reaction 

Double strands DNA templates were generated from the extension of two overlapping synthetic 

DNA using the Klenow exo- polymerase. The reaction was left during 30 min at 37 °C. The 

primer sequences are detailed in the annex (p. CXXVIII). 

Klenow Buffer 1x 

Forward primer  2 µM 

Reverse primer  2 µM 

dNTPs Mix  0.5 mM 

Klenow Fragment exo- 0.04 U/µL 

Water For a final volume of 250 µL 

After the ethanol precipitation, the purification of the DNA template was performed with a 10% 

native polyacrylamide gel electrophoresis. The elution of the DNA was performed with 0.3 M 

of NaOAc (pH 6.6) followed by an ethanol precipitation. 

• In vitro transcription 

The RNA strands were transcribed from the DNA templates with the T7 polymerase, and the 

samples were incubated for 2.5 h at 37 °C. 
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HEPES Buffer 80 Mm 

MgCl2 20 mM 

DNA  0.5 µM 

NTPs Mix 2 mM 

T7 polymerase 35 ng/µL 

H2O For a final volume of 50 µL 

To digest the DNA templates, an aliquot of 2 µL of DNase I (1 U/µL) was added to each 

Eppendorf tube. After an ethanol precipitation, the RNA was dissolved in a loading buffer and 

purified with a 10% denaturing PAA gel followed by the elution of the RNA with NaOAc (0.3 

M, pH 5.6) and ethanol precipitation. 

• Enzymatic ligation 

When RNA sequences were too long for chemical synthesis with incorporation of the borono-

modified block, the sequence synthesis is divided in two RNA pieces and further ligated. The 

5’-end of the first RNA sequence was first phosphorylated. 

Reaction buffer A 80 mM 

RNA  50 µM 

ATP 1 mM 

T4 PNK  1 U/µL 

H2O For a final volume of 20 µL 

The RNA was mixed with the reaction buffer, heated up at 90 °C for 2 min, followed by the 

addition of ATP and T4-PNK and incubated 3h at 37 °C. The mixture was then incubated 75 

°C for 10 min to inactivate T4-PNK enzyme. In the same tube, following samples were added: 

Tris HCl buffer (pH 7.5) 50 mM 

bU RNA  10 µM 

RNA splint 10 µM 

H2O For a final volume of 100 µL 

The solution was then incubated 2 min at 90 °C and slowly cooled down to 37 °C before adding 

2 µL of RNA ligase 2. The solution was further let overnight at 37 °C. After an ethanol 

precipitation, the ligated RNA sequence was purified on denaturing PAA gel. 

11.2.6. Polyacrylamide gels 
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Polyacrylamide gels electrophoresis was used during the chemical and the enzymatic synthesis 

to purify the DNA/RNA of interest. The length of the DNA/RNA was used to determine the 

concentration of acrylamide/polyacrylamide. 

• Native PAA gel 

The native PAA gel was mainly used after the Klenow reaction to purify DNA strand. The 

desired concentration was prepared from a 20% native PAA stock solution mixed with 1x TBE. 

The polymerization was started by addition of 1% APS and 0.1% of TEMED. The gel was 

running in 1x TBE. The DNA solution was mixed with a native loading buffer and introduced 

into the gel. To indicate the length migration, a marker containing bromophenol blue and xylene 

cyanol (5 mg each in 1 mL loading buffer) was also applied in the gel. 

• Denaturing PAA gel 

The preparation of denaturing PAA gel was like native PAA gel, however the stock solution 

used 7 M urea as denaturing reagent. The RNA sample were mixed in a denaturing loading 

buffer and incubated 2 min at 90 °C and put directly on ice. After an empty pre-run of the gel 

to eliminate the high excess of urea, the RNA samples were loaded and migrated through the 

gel using denaturing marker, containing urea. 

• Cis-diol PAGE 

20% of PAA gels were prepared in 2.5x TAE buffer (pH 8.4) instead of TBE with different 

amount of catechol or fructose. The running buffer for cis diol containing gel was 1x TAE. 

For all kind of gels, freshly polymerized gels were cooled down to room temperature before 

being used. 

Depending on the application of the native/ denaturing PAGE different gel dimension were 

used: small gel (60 × 80 × 1.5 mm), big gel (21 × 24 × 0.1 cm) and LiCOR gel (2500 × 1800 × 

0.25 mm). The voltage applied on the gel rely on the percentage of acrylamide/bis acrylamide 

and on the size; mostly 110-120 V was used for small gels and 400-450 V for a big gel. The 

migration time depend on the sample size, on the dimension and percentage of the gel, and on 

the voltage applied. 

• Sample’s revelation 
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For samples purification, the UV detection (254 nm) was used to highlight the position of the 

DNA/RNA after the run. The gel area containing the wanted RNA/DNA sample was cut and 

the sample was eluted several times (3x 1h + overnight) in 0.3 M NaOAc at 10 °C. Each time 

the eluted solution was collected and passed through 0.45 µm filter to eliminate the eventual 

gel pieces residues. 

For the analytical purpose, the gel was position in a solution containing 1x SYBR gold in 1x 

TAE for 25-30 min in dark, and the sample signals were revealed by UV-transilluminator. 

11.2.7. Precipitations 

• Butanol precipitation 

The sample was mixed with 20 times the volume of n-butanol and stored at -20 °C overnight. 

The solution was then centrifuged at 10 °C for 45 min at 6000 rpm. The supernatant was 

carefully removed, and the pellet was dried under vacuum. When butanol residue was difficult 

to eliminate, several co-evaporations with 100 µL ethanol were proceeded. 

• Ethanol precipitation 

The RNA samples were precipitated with ethanol. The solutions were mixed with 300% (v/v) 

of ethanol and 10% (v/v) of 3 M NaOAc (pH 5.6 for RNA and 6.6 for DNA) and stored at -20 

°C for at least 2 h. The mixtures were then centrifuged at 13000 rpm for 30 minutes at 4 °C. 

The supernatants were removed; the pellets were washed with cold 70% ethanol. The solutions 

were centrifuged again at 13000 rpm for 15 min and the pellets were dried by reduced pressure. 

11.2.8. Concentration determination 

After preparation, the absorbance at 260 nm of the 1 µL of DNA/RNA sample was determined 

with Denovix. Before measuring the sample, the device was calibrated using a blank, mostly 

water. The concentration (c) was further determined from the Lambert-Beer law using the 

extinction coefficient (ε260), obtained with Oligo Analyzer, the measured absorbance (A260), and 

the path length (l= 1 cm). 

A260 = ε260 × c × l 
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In the case of labelling oligonucleotides, the absorption at 260 nm must be corrected because 

the ATTO dyes also absorb at this wavelength. The correction factors were given by the 

producing company of the dyes (CF260/680= 0.3, CF260/488= 0.25). 

For single labelled strand:  A Corrected = A260 - (A680 × CF260/680) 

For double labelled strand:  A Corrected = A260 - (A680 × CF260/680 + A488 × CF260/488) 

11.2.9. Mass spectrometry 

• Measurement 

The samples were analyzed by mass spectrometry using the MALDI-TOF MS from Bruker 

Daltonics. The oligonucleotides (1 nmol) were mixed in 7 µL of cation exchange (DOWEX 

50WX8, NH4
+) for 15 min to purify the sample from metallic cation. Only 1 µL of this mixture 

was taken and put on the MALDI plate and 1 µL of the matrix was added as well. The matrix 

used for oligonucleotide analysis was a solution of 50 mg 2, 4, 6-trihydroxyacetophenol 

(THAP) and 50 mg of diammonium hydrogen citrate in 1 mL (1:1) of H2O/MeCN mixture. 

After crystallization and drying of the sample, the measurement was carried out in the positive 

linear mode. 

• MALDI-plate cleaning 

The cleaning of the AnchorChip plate for the MS measurements was carried out according to 

the protocol of the Bruker Corporation. The cleaning took place as soon as the plate was filled 

with samples. The samples were carefully wiped off the surface with a lint-free cloth soaked in 

isopropanol followed by a lint-free cloth soaked in water. The target plate was then placed in 

isopropanol and cleaned in an ultrasonic bath for 10 min. The procedure was carried out again 

with a solution of 30:70 [v / v] acetonitrile and 0.1% trifluoroacetic acid instead of isopropanol. 

The AnchorChip plate was then left under the hood until completely dry. 

11.2.10. ATTO labelling 

• Single labelling with ATTO680 

The amino-modified RNA substrate (5 nmol) was dried to obtain a pellet and dissolved in 50 

µL of 0.2 M NaCO3 buffer (pH 8.6). The RNA solution was combined in an aliquot of 50 µg 

of ATTO680-NHS ester dissolved in 50 µL of DMF in a light protected tube. The mixture was 
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incubated in thermomixer at 650 rpm and 25 °C for 4 hours. The reaction was stopped by 

ethanol precipitation and the dried pellet was purified by RP-HPLC. 

The substrate HPAS-ATTO680 was already available in the laboratory. 

• Double labelling with ATTO680/488 

The RNA substrate used for the FRET assay was double labeled in a one pot reaction. 6 nmol 

of the 3’-alkynyl, 5’-amino modified RNA substrate were dried and dissolved in 50 µL of 0.2 

M NaCO3 buffer (pH 8.6) and added to a dark tube containing 150 µg of ATTO488-NHS ester 

in 30 µL of DMF. The reaction mixture was incubated in a thermomixer at 25 °C, 650 rpm for 

4 hours. A stock solution containing 1 mM of Cu3(PO4)2 and 5 mM of THPTA in 0.1 phosphate 

buffer and a stock solution of 8 mM sodium ascorbate in 0.1 M of phosphate buffer were 

separately prepared and saturated with argon for 10 minutes. The RNA mixture was combined 

to dried 50 µg of ATTO680-azide and degassed with argon 5 minutes. 100 µL of 

Cu3(PO4)2/THPTA was further added to the reaction and degassed for 5 minutes followed by 

125 µL of sodium ascorbate solution and degassed 5 minutes. The total volume of the reaction 

mixture was brought to 500 µL by addition of freshly degassed 0.1 M phosphate buffer. The 

reaction was then incubated in thermomixer at 650 rpm at 37 °C for 4 hours. The reaction was 

stopped by ethanol precipitation and the dried pellet was purified by RP-HPLC. 

11.2.11. Reverse-phase HPLC 

The RNA labeled solutions were purified via reverse-phase HPLC using the Nucleodure 100-5 

C18 ec 250/4 column (1 cv = 3.142 mL). The column was first washed with 2 column volume 

(cv) of buffer A, 2 cv of buffer B and equilibrated with 2 cv of buffer A. The dried pellet 

obtained after ethanol precipitation was solved in 50 µL to 90 µL of buffer A. 

Buffer A 0.1 M TEAAc, 5% MeCN 

Buffer B 0.1 M TEAAc, 30% MeCN 

Injection loop  100 µL 

Flow rate 0.5 mL/min 

Pressure  8-11 MPa 

Emission wavelength 260 and 681 nm for single labeled  

260, 681, and 501 nm for double labelled 

Gradient 0% buffer B for 2 cv 

Single-labelled RNA: linear gradient 0-100% buffer B in 6-10 cv 
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Double-labelled hairpin ribozyme substrate: 0-75% buffer B in 4 cv, 

75-100% buffer B in 6 cv 

100% buffer B for 4 cv before equilibrium 

The fractions containing the wished labelled RNA were collected and dried before 

concentration determination. 

11.2.12. Colorimetry ARS test 

Samples (3 to 6 nmol) were dried in a 200 µL tube to obtain a pellet and dissolved in 10 µL of 

ARS buffer. The ARS buffer contained 0.1 mM Alizarin Red S in 40% (1:1, v/v) DMSO:PBS 

buffer pH 7.4. The solution turned yellow in only few minutes at room temperature. 

Table 9: Results obtained with the colorimetry ARS test 

Samples + ARS Boronic acid modification  Solution color 

D  No boronic acid Purple 

bUD  Bu Yellow 

bTD bT Purple 

bPh+D bPh Yellow 

bNa+D bNa Yellow 

U/bPhD bPh Yellow 

U/bNaD bNa Purple 

G No boronic acid Purple 

bUG bU Yellow/purple 

3’-T bUG bU Yellow 

bUI  bU Yellow/purple 

D HP-3WJ No boronic acid Purple 

bUD HP-3WJ bU Yellow 

11.2.13. Cleavage reaction  

The ribozyme (parent or fragmented), ATTO labelled substrate, Tris-HCl buffer and the water 

were mixed and incubated 2 min at 90 °C followed by 15 min at 37 °C or 25 °C, depending on 

the condition used. The reaction was started by addition of MgCl2 and incubated for 3, 4 or 144 

hours at 25 °C or 37 °C. At certain times, 1 µL or 0.750 μL of sample was taken and added to 

19 µL or 9.25 μL of stop mix (7 M urea, 50 mM EDTA, 0.05% blue dextran).  
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• Conditions used for ribozyme assays analyzed by FRET (with Katharina 

Landenfeld)  

(Ribozyme structures and sequences are detailed in the annex, p. CXXIV and p. CXXVI) 

 
Single-turnover conditions 

20:1 

Multiple-turnover conditions 

1:20 

Hairpin ribozyme 1.4 µM 0.07 µM 

substate-ATTO680/488 0.07 µM 1.4 µM 

Tris-HCl Buffer (pH 7.5) 50 mM 50 mM 

MgCl2 10 mM 10 mM  

H2O For total volume of 50 µL For total volume of 50 µL 

• Conditions mainly used for split-ribozyme assays  

(Ribozyme structures and sequences are detailed in the annex, p. CXXIV and p. CXXVI) 

 
Single-turnover condition 

100:1 

Parent or fragment ribozymes 2000 nM 

HPAS-ATTO680 20 nM 

Tris-HCl Buffer (pH 7.5, 8.6 or 9.6) 50 mM 

MgCl2 20 mM 

H2O For total volume of 15 µL 

• Conditions used for split-ribozyme assays with catechol competition 

 
Single-turnover condition 

100:1 

Parent or fragment ribozymes 2000 nM 

HPAS-ATTO680 20 nM 

Catechol (stored in dark) 0.4, 1, 2, or 4 mM 

Tris-HCl Buffer (pH 7.5, 8.6 or 9.6) 50 mM 

MgCl2 20 mM 

H2O For total volume of 15 µL 

The catechol was added to the water and buffer before the addition of the ribozyme and 

substrate. 



11. Experimental part 

105 

• Conditions used for split-DNAzyme (with or without catechol) 

(DNAzyme structures and sequences are detailed in the annex, p. CXXV and p. CXXVIII) 

 
Single-turnover condition 

100:1 

Parent or fragment DNAzymes 2000 nM 

RNA substrate-ATTO680 20 nM 

Catechol (stored in dark) Without or with 2 mM 

Tris-HCl Buffer (pH 8.6) 50 mM 

MgCl2 20 mM 

H2O For total volume of 50 µL 

11.2.14. Cross-ligation reaction 

The HP3WJ ribozyme (parent or fragmented), HPAS-ATTO680, Tris-HCl buffer and the water 

were mixed and incubated 2 min at 90 °C followed by 15 min at 25 °C. The reaction was started 

by addition of MgCl2 and incubated for 4 at 25 °C. Only 0.2 µL of samples were taken and 

added to 9.8 μL of stop mix for the LiCOR assay. After 4 h at 25 °C, 0.3 µL of 3’-frag14-HPAS 

were added to the mixture and further incubated at 25 °C for 30 min. The temperature was then 

reduced to 6 °C for 2 additional hours. Ribozyme structures and sequences are detailed in the 

annex (p. CXXIV and p. CXXVII): 

 2:1 

Parent or fragment ribozymes 200 nM 

HPAS-ATTO680 100 nM 

Tris-HCl Buffer (pH 7.5) 50 mM 

MgCl2 100 mM 

H2O For total volume of 15 µL 

3‘-frag14 HPAS 200 nM 

Concentration after addition of the 3’-frag14-HPAS: 196 nM of ribozyme and 98 nM of HPAS-

ATTO680. 

For the second cross-ligation assay, 3’-frag14-HPAS was added to the reaction after the 

preincubation (2 min 90 °C, 15 min 25 °C) but before the addition of MgCl2. 

11.2.15. Cyclic phosphate state assay 
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To check if the cyclic phosphate is not hydrolyzed after cleavage reaction, alkaline phosphatase 

was used. The ribozyme fragments, the buffer and the substrate were mixed in water and 

incubated 2 min at 90 °C followed by 15 min at 25 °C. The cleavage reaction was started by 

addition of MgCl2 and incubated 3 hours at 25 °C. 

 2:1 

Fragment ribozymes 200 nM 

HPAS-ATTO680 100 nM 

Tris-HCl Buffer (pH 7.5) 50 mM 

MgCl2 100 mM 

H2O For total volume of 15 µL 

FastAP buffer 1x 

FastAP 1 U 

H2O Up to 20 µL 

In the same tube, the alkaline phosphatase and its corresponding buffer were added to the 

reaction with water and further incubated at 37 °C for 30 min. 

For the control experiment in presence of PNK, the procedure was similar for the cleavage part. 

However, before the dephosphorylation step, 1x of PNK buffer A and 0.6 U/µL of T4 PNK was 

added to the mixture and incubated 30 min at 37 °C. The T4 PNK was then deactivated with an 

incubation of 10 min at 70 °C. The dephosphorylation step was then proceeded by addition of 

1x of FastAP buffer and 1 U of FastAP and incubated for 30 min at 37 °C, like previously. 

After dephosphorylation, 0.5 µL of samples were mixed in 9.5 µL of StopMix and analyzed 

with the LiCOR using a 15% denaturing PAA gel. 

11.2.16. FRET assay 

The real-time FRET assays were proceeded with Katharina Landenfeld. The real-time FRET 

assay was monitor using the Jasco FP-6500 fluorescence spectrometer. The solution mixtures 

detailed in the section 10.2.12 were pipetted in a 50 µL quartz cuvette with layer thickness 3 

mm from Hellma Analytics. The cuvette was cleaned before each experiment three times with 

water followed by three time with ethanol and carefully dried. A cuvette lifter of 3.5 mm was 

used to support the cuvette during the measurement assuring constant incidence of light. The 

measurement was started immediately after the addition of MgCl2 in the cuvette already placed 

in the spectrometer and carried out 3 hours for single- and 5 hours for the multiple-turnover 
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assays. Each cleavage experiment was done in triplet. The following parameters were used for 

measuring cleavage assay: 

Parameters Real-time measurement 

Excitation wavelength λex 501 nm 

Emission wavelength λem 696 nm 

Excitation/emission bandwidth 10 nm 

Response time 0.5 s 

Temperature 25 °C 

Measuring point interval 1 s 

Two blanks solution were also measured containing only the reaction buffer (Tris-HCl buffer) 

with and without MgCl2. 

11.2.17. LI-COR assay 

The samples were analyzed with 10% or 15% denaturing polyacrylamide gel electrophoresis 

using LI-COR 4200bw. The applied voltage was 1500 V, for which the plates were heated to 

45 °C to reduce the resistance. The loading buffer is 0.6x TBE. The laser had a power of 3 mW 

and detected passing ATTO oligonucleotides with a wavelength of 700 nm. The software 

ImagIR 4.05 (Scanalytics) was used. The quantification of a band was carried out by the 

quotient of its intensity to the sum of the intensities of all bands in the respective lane. 

11.2.18. Reverse transcription 

Several procedures have been tested with Johanna Latussek to optimize the production of 

complement DNA. Here are presented the procedure used to obtain the results presented in the 

section 9. 

• Reverse transcription of RNA bU modified template/adaptor 

The 5’-ATTO680 DNA primer, bU template and adaptor were mixed together with the dNTP 

and the water to further be incubated 5 min at 65 °C. The first-strand buffer, DTT, RNaseOUT 

and the Superscript enzyme were then added to the mixture and incubated 1 h at 45 °C. 

(Sequences are detailed in the annex, p. CXXIX) 

bU template 50 nM 

Primer-ATTO680 50 nM 
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Adaptor 50 nM 

dNTP 1 µM 

First-strand buffer 1x 

DTT 5 mM 

RNaseOUT 10 units 

SuperScript III 50 units 

H2O For total volume of 5 µL 

After the reaction, the temperature is increased to 70 °C for 10 min to deactivate the reverse 

transcriptase. The sample was then mixed to denaturing loading buffer with a dilution of 1:20 

for the LiCOR gel analysis. 

• Reverse transcription of RNA bU modified adaptor/template 

The 5’-ATTO680 DNA primer, bU adaptor and template were mixed together with the dNTP, 

water, first-strand buffer, and DTT and incubated 2 min at 90 °C and 15 min at 25 °C. The 

RNaseOUT and the Superscript enzyme were then added to the mixture and further incubated 

1 h at 25 °C. (Sequences are detailed in the annex, p. CXXX) 

bU template 500 nM 

Primer-ATTO680 500 nM 

Adaptor 500 nM 

dNTP 1 µM 

First-strand buffer 1x 

DTT 5 mM 

RNaseOUT 10 units 

SuperScript III 50 units 

H2O For total volume of 5 µL 

After the reaction, the temperature is increased to 70 °C for 10 min to deactivate the reverse 

transcriptase. The sample was then mixed to denaturing loading buffer with a dilution of 1:40 

for the LiCOR gel analysis. 
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• 31P NMR spectrum of 2-cyanoethyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)) diisopropylphosphoramidite 

 

• 31P NMR spectrum of 2-cyanoethyl (6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)naphtalen-2-yl) diisopropylphosphor-amidite 
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• 31P NMR spectrum of 2’-O-(tert-Butyldimethylsilyl)-3’-O-(cyanoethyl-N,N-

diisopropylphosphoamidite)-5’-MIDA boronate Uridine 
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• Ribozyme structures used: 
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• DNAzyme structures used: 
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• Sequences for hairpin ribozyme studies 

Name  Sequence (5’-3’) Length (nt) Synthesis 

HPWTL2 GGG AGA AAG AGA GAA GUG AAC CAG AGA AAC ACA CGU UGU GGU 

AUA UUA CCU GGU 

54 Enzymatic 

HPAS-ATTO680 ATTO680-GUC CAG AAA UCU CCC UCA CAG UCC UCU UU 29 Chemical + labeling 

HPAS-3-ATTO680-

5-ATTO488 

ATTO488-UCA CAG UCC UCU UU-ATTO680 14 Chemical + labeling 

A HPWTL2  AAA GAG AGA AG 11 Chemical 

B HPWTL2  UGA ACC AGA GAA ACA CAC GUU GUG GUA UAU UAC CUG GU 38 Chemical 

bUB HPWTL2 S1 bUGA ACC AGA GAA A 13 Chemical 

B HPWTL2 S2 CAC ACG UUG UGG UAU AUU ACC UGG U 25 Chemical 

bUB HPWTL2 bUGA ACC AGA GAA ACA CAC GUU GUG GUA UAU UAC CUG GU 38 Enzymatic ligation 

bUBS1/BS2 

C HPWTL2  AAA GAG AGA AGU GAA CCA GAG AAA CAC ACG UUG 33 Biomers 

D HPWTL2 UGG UAU AUU ACC UGG U 16 Chemical 

bUD HPWTL2 bUGG UAU AUU ACC UGG U 16 Chemical 

bTD HPWTL2 bTGG UAU AUU ACC UGG U 16 Chemical 

bPh+D HPWTL2 bPhUGG UAU AUU ACC UGG U 16+bPh Chemical 

U/PhD HPWTL2 bPhGG UAU AUU ACC UGG U 15+bPh Chemical 

bNa+D HPWTL2 bNaUGG UAU AUU ACC UGG U 16+bNa Chemical 
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U/bNaD HPWTL2 bNaGG UAU AUU ACC UGG U 15+bNa Chemical 

F HPWTL2 AAA GAG AGA AGU GAA CCA GAG AAA CAC ACG UUG UGG 36 Chemical 

G HPWTL2 UAU AUU ACC UGG U 13 Chemical 

bUG HPWTL2 bUAU AUU ACC UGG U 13 Chemical 

3’-T bUG HPWTL2 bUAU AUU ACC UGG T 13 Chemical 

bTG HPWTL2 bTAU AUU ACC UGG U 13 Chemical 

bPh+G HPWTL2 bPhUAU AUU ACC UGG U 13+bPh Chemical 

bNa+G HPWTL2 bNaUAU AUU ACC UGG U 13+bNa Chemical 

H HPWTL2 AAA GAG AGA AGU GAA CCA GAG AAA CAC ACG UUG UGG UA 38 Chemical 

I HPWTL2 UAU UAC CUG GU 11 Chemical 

bUI HPWTL2 bUAU UAC CUG GU 11 Chemical 

bTI HPWTL2 bTAU UAC CUG GU 11 Chemical 

• Sequence for three-way junction ribozyme studies 

HP-3WJ GGG AGA AAG AGA GAA GUG AAC CAG AGA AAC ACA CGU UGU GGU 

AUA UUA CCU GGU ACC CGG GAG 

63 Enzymatic 

3’-frag14-HPAS GUC CUC UUU CUC CC 14 Biomers 

C HP-3WJ GGG AGA AAG AGA GAA GUG AAC CAG AGA AAC ACA CGU UG 38 Biomers 

D HP-3WJ UGG UAU AUU ACC UGG UAC CCG GGA G 25 Chemical 

bUD HP-3WJ bUGG UAU AUU ACC UGG UAC CCG GGA G 25 Chemical 

• Primers used for klenow reactions 
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DNA HPWTL2 fw d(TAA TAC GAC TCA CTA GGG AGA AAA GAG AGA AGT GAA CCA GAG 

AAA) 

45 Biomers 

DNA HPWTL2 r d(ACC AGG TAA TAT ACC ACA ACG TGT GTT TCT CTG GTT CAC TTC TCT) 45 Biomers 

DNA HP-3WJ fw d(TAA TAC GAC TCA CTA TAG GGA GAA AAG AGA GAA GTG AAC CAG 

AGA AAC AC) 

50 Biomers 

DNA HP-3WJ fw d(CTC CCG GGT ACC AGG TAA TAT ACC ACA ACG TGT GTT TCT CTG GTT 

CAC TTC) 

51 Biomers 

• Sequences used DNAzyme studies 

RNA substrate GGA GAG AGA UGG GUG CG-ATTO680 17 Chemical + labeling 

Full DNAzyme d(CGC ACC CAG GCT AGC TAC AAC GAC TCT CTC CG) 32 Chemical 

DNAzyme 1a d(CGC ACC CAG GC) 11 Chemical 

DNAzyme 1a rC d(CGC ACC CAG G)rC 11 Chemical 

DNAzyme 1b 1 d(TAG CTA CAA CGA CTC TCT CCG) 21 Chemical 

DNAzyme 1b Tbn d(bTAG CTA CAA CGA CTC TCT CCG) 21 Chemical 

DNAzyme 2a d(CGC ACC CAG GCT AGC) 15 Chemical 

DNAzyme 2a rC d(CGC ACC CAG GCT AG)rC 15 Chemical 

DNAzyme 2b d(TAC AAC GAC TCT CTC CG) 17 Chemical 

DNAzyme 2b Tbn d(bTAC AAC GAC TCT CTC CG) 17 Chemical 

DNAzyme 3a d(CGC ACC CAG GCT AGC TAC AAC GAC) 24 Chemical 

DNAzyme 3a rC d(CGC ACC CAG GCT AGC TAC AAC GA)rC 24 Chemical 
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DNAzyme 3b d(TCT CTC CG) 8 Chemical 

DNAzyme 3b Tbn d(bTCT CTC CG) 8 Chemical 

DNAzyme 4a d(CGC ACC CAG GCT AGC TAC AAC GAC TC) 26 Chemical 

DNAzyme 4a rC d(CGC ACC CAG GCT AGC TAC AAC GAC T)rC 26 Chemical 

DNAzyme 4b d(TCT CCG) 6 Chemical 

DNAzyme 4b Tbn d(bTCT CCG) 6 Chemical 

DNAzyme 5a d(CGC ACC CAG GCT AGC TAC AAC GAC TCT C) 28 Chemical 

DNAzyme 5a rC d(CGC ACC CAG GCT AGC TAC AAC GAC TCT)rC 28 Chemical 

DNAzyme 5b d(TCC G) 4 Chemical 

DNAzyme 5b Tbn d(bTCC G) 4 Chemical 

• Sequences used for 1st reverse transcription strategy of borono-modified RNA 

Template (same than 

D HP-3WJ) 

UGG UAU AUU ACC UGG UAC CCG GGA G 25 Chemical 

bU template (same 

than bUD HP-3WJ) 

bUGG UAU AUU ACC UGG UAC CCG GGA G 25 Chemical 

Adapter UAA UAC GAC UCA CUA UAG 18 Chemical 

Primer d(ATTO680-CTC CCG GGT ACC) 12 Biomers + labeling 

Splint 12 d(CTA TAG TGA GTC) 12 Biomers 

Splint 12+1 d(ACT ATA GTG AGT C) 13 Biomers 

Splint 12+2 d(ACC TAT AGT GAG TC) 14 Biomers 
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Splint 12+3 d(ACC CTA TAG TGA GTC) 15 Biomers 

Splint 18 d(CTA TAG TGA GTC GTA TTA) 18 Biomers  

Splint 18+1 d(ACT ATA GTG AGT CGT ATT A) 19 Biomers 

Splint 18+2 d(ACC TAT AGT GAG TCG TAT TA) 20 Biomers 

Splint 18+3 d(ACC CTA TAG TGA GTC GTA TTA) 21 Biomers + labeling 

Control cDNA d(ATTO680-CTC CCG GGT ACC AGG TAA TAT ACC A) 25 Biomers + labeling 

• Sequences used for 2nd reverse transcription strategy of borono-modified RNA 

bU adapter (same 

than bUG HPWTL2) 

bUAU AUU ACC UGG U 13 Chemical 

Template CGG ACA GGA GAG CAC 15 Chemical 

Primer 13 d(ATTO680-ACC AGG TAA TAT A) 13 Biomers + labeling 

Primer 13+1 d(ATTO680-ACC AGG TAA TAT AG) 14 Biomers + labeling 

Primer 13+2 d(ATTO680-ACC AGG TAA TAT AGT) 15 Biomers + labeling 

Primer 13+3 d(ATTO680-ACC AGG TAA TAT AGT G) 16 Biomers + labeling 

Primer 13+5 d(ATTO680-ACC AGG TAA TAT AGT GCT) 18 Biomers + labeling 
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• Exponential fitting curves corresponding to the results section 6.2.1, Figure 37, p. 

58 
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