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INTRODUCTION 
 

 

 

 

Research carried out during the last three decades has challenged the central dogma of 

molecular biology stating that genetic information is transfered forward from DNA to RNA 

and ultimately to proteins without back-coding possibility (Crick, 1970). This oversimplified 

view relegated RNA to a sequence carrier (messenger RNA) or to architectural scaffoldings in 

large RNPs such as the ribosome (ribosomal and transfer RNAs) in which there was no doubt 

among the scientific community of the 70’s that the peptidyl-transferase activity was carried 

out by ribosomal proteins. 

 

 

In this context, it is not surprising that the discovery of catalytic RNAs or ribozymes 

like group I introns and the RNase P represented a major breakthrough and led their 

discoverers to be awarded the 1989 Nobel prize in chemistry. Additional ribozymes were then 

spotted, notably in plant viruses and viroids where they participate in the replication of the 

RNA genome (Flores et al., 2001; Flores et al., 2009) and recently in humans (Salehi-Ashtiani 

et al., 2006; Luptak and Szostak, 2008). The ribosome was characterised as a ribozyme since 

no ribosomal protein could be detected around the peptidyl transferase centre (PTC) in the 

various crystal structures revealing its architecture in various biologically relevant 

conformations (Rodnina, 2008; Noller et al., 2001; Yusupov et al., 2001; Yusupova et al., 

1991). Moreover, specific RNA chemical groups of residues from the PTC and of the tRNA 

could be identified as necessary for the peptidyl transfer (Moroder et al., 2009; Graber et al., 

2010; Clementi et al., 2010; Clementi and Polacek, 2010). The 21st century has also started 

by witnessing the central roles played by RNAs in cellular regulatory processes in all 

kingdoms of life. In bacteria, untranslated regions from mRNAs called riboswitches interact 

with metabolites to control the expression of the downstream gene (Tucker and Breaker, 

2005). Interestingly some of these riboswitches can be ribozymes like the glmS (Winkler et 

al., 2004; Lim et al., 2006; Link and Breaker, 2008) or fused to ribozymes (Lee et al., 2010). 

In eukaryotes, interfering RNAs derived from microRNAs (miRNA) or small interfering 

RNAs (siRNA) have been shown to form an RNA-protein complex that triggers a nuclease-
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mediated degradation mechanism of a complementary mRNA target ultimately leading to the 

temporary knock-down of the encoded gene or group of genes (Fire, 2007; Mello, 2007). And 

these mechanisms seem to represent only the emerged part of the iceberg according to recent 

transcriptomic analysis that show that close to 100% of genomes is usually transcribed 

(Amaral et al., 2008; Mattick, 2009). 

 

 

Except in the case of the PTC, the chemistry of natural ribozymes is based on the 

transesterification reaction. Such a reaction usually corresponds to a type 2 nucleophilic 

substitution (SN2) where the nucleophilic group, provided either by the RNA itself or by an 

activated water molecule, attacks a phosphodiester bond. Depending on the nature and 

location of the attacking group, the products of the reaction can be quite diverse. Several cases 

summarised in Table 1 have been described. The chemically simplest reaction corresponds to 

the hydrolysis of the RNA chain by a water molecule. This situation is typical of the reaction 

catalysed by RNase P which leads to process the 5’ end of the tRNA precursors by accurately 

cleaving at the position between the tRNA core and the 5’ leader sequence (Guerrier-Takada 

et al., 1983; Guerrier-Takada and Altman, 1984; Maquez et al., 2008). The two products of 

the reaction consist of one strand starting with a 5’-phosphate and a second one ending with a 

3’-hydroxyl (Figure 1). When increasing the complexity, self-cleaving ribozymes come next. 

This family includes ribozymes from viruses and viroides such as the hammerhead (Forster 

and Symons, 1987; Lambert and Burke, 2008; Scott, 2008), hairpin (Lilley, 2008b), hepatitis 

delta virus (Wu et al., 1989; Koo et al., 2008) and Neurospora crassa VS ribozymes (Saville 

and Collins, 1990; Lilley, 2008b). In these ribozymes, the cleavage is mediated by the 

activated 2’-hydroxyl group of the residue tethered to the scissile phosphate group. The 

reaction generates a 5’ cleavage product with a 2’-3’-cyclic phosphodiester end and a 3’ 

cleavage product with a 5’-hydroxyl end (Figure 1). These ribozymes are able to perform the 

reaction opposite to the cleavage since the 2’-3’-cyclic phosphodiester is activated and tends 

to evolve by hydrolysis to generate either a 3’ or a 2’ phosphate end (Figure 1). Depending on 

self-cleaving ribozymes, the ligation reaction can be even more efficient than the cleavage 

reaction.  

 

 

 



Introduction 
 

 

 
 7

 

Ribozyme 

Sequenced 

Sample 

 

Size (nt) 

 

Activity 

Reaction 

performed 

Crystal 

structure 

Organis

m 

Group I intron >10000 >=200 Self-splicing Nucleotidyl transfer Yes B/E 

Group II intron >700 >=500 Self-splicing Nucleotidyl transfer Yes B/E 

Group I Like intron 30 ~200 Self-cleavage Nucleotidyl transfer No E 

Hammerhead >15 ~40 Self-cleavage Transesterification 2’-O Yes E/B/A 

Haipin >3 ~70 Self-cleavage Transesterification 2’-O Yes E/B/A 

HDV/CPEB3 >5 ~90 Self-cleavage Transesterification 2’-O Yes E/ 

Varkud Satellite 1 ~160 Self-cleavage Transesterification 2’-O No E 

glmS  >20  Self-cleavage Transesterification 2’-O Yes B 

RNase P* >500 300 Processing Hydrolysis Yes E/B/A 

Ribosome* >10000 >3000 Protein 

synthesis 

Peptidyl transfer Yes E/B/A 

Table 1 
Classification of natural ribozyme according to their main catalytic strategy. 

This table is adapted from (Doudna and Cech, 2002; Doudna and Lorsch, 2005)). The number 
of sequenced examples is a snapshot as of 2010 and is greatly influenced by the new 
sequencing strategy, technology and database upkeep and may grow exponentially with the 
rise of the deep sequencing technology. However it gives a rough idea of the ribozyme 
abundance. (*) The ribosome and the RNase P are both ribonucleoprotein enzyme. 
Interestingly the RNase P has been shown to possess a relevant catalytic activity in absence of 
the protein, while no activity has yet been detected with the protein-free ribosome and the 
large-subunit rRNA alone.  

 

The most complex class of ribozymes, self-cleaving introns like group I and group II 

ribozymes are genetic elements that interrupt functional genes. They reach one step beyond in 

terms of complexity since they need to carry out successively two transesterification reactions 

in order to splice out and to ligate the exons (group I intron reviewed in (Cech, 1990)), group 

II intron reviewed in (Pyle, 2008; Pyle, 2010; Toor et al., 2010)). Their main pathway consists 

in two successive transesterification steps. The first one results in the cleavage of the bond 

between the 5’ exon and the intron. The nucleophilic attack is mediated by the 3’-hydroxyl 

group of an external nucleotide (αG) in the case of group I introns, and by the 2’-hydroxyl 

group of an internal A residue in the case of group II introns (Figure 1). Consequently, αG is 

tethered to the 5’ end of the group I intron whereas the branching reaction taking place in the 

group II intron results in the formation of a lariat (Figure 1). The second step of the reaction is 

more similar in both ribozymes. The 3’-hydroxyl group of the 5’ exon attacks the 

phosphodiester bond linking the intron to the 3’ exon promoting splicing as well as exon 

ligation. It is worth to note that the second catalytic step relies on fine-tuned dynamic 
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reshaping of the catalytic site in order to bring to the right places the participating chemical 

groups. It is worth to note that group I ribozymes can also follow alternative pathways that 

lead to the formation of full length circles either before or after splicing (Nielsen et al., 2003). 

Truncated circles on the 5’ side can also be formed after splicing (Tanner and Cech, 1996; 

Nielsen and Johansen, 2009). 

 

 
Figure 1 

Four types of reactions catalyzed by natural ribozymes. 

(A) Self-cleavage reaction of small ribozymes. The reaction involves an attack by the 2’ 
hydroxyl of the nucleotide on the phosphorus atom of the nucleotide. The reaction generates a 
5’ cleavage product with a 2’-3’-cyclic phosphodiester end and a 3’ cleavage product with a 
5’-hydroxyl end. (B) Hydrolytic reaction carries out by the RNase P to maturate tRNA 
molecules. The reaction generates two products which consist of one strand starting with a 5’-
phosphate and a second one ending with a 3’-hydroxyl. (C) First step of transesterification 
reaction catalysed by group I and group II intron.  

 

 

The diversity of the products results from the architectural diversity of RNA catalytic 

sites. RNA catalytic sites should be programmed to activate the nucleophile and to facilitate 

the release of the leaving groups. Since activation often relies on acido-basic catalysis in most 

self-cleaving ribozymes, catalytic sites should be built so as to control the pKa of critical 
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chemical groups (Nakano et al., 2000; Bevilacqua, 2008; Luptak et al., 2001). Moreover, 

group I and II ribozymes orchestrate catalysis by activating the nucleophiles using magnesium 

ions (reviewed in (Hougland  et al., 2006)). These should be bound precisely in space and 

time to correctly move through the two consecutive catalytic steps. Intuitively, one can realise 

that it is not easy to build up complex catalytic sites by just tethering the residues directly 

involved in the reaction. The structure of the catalytic site and ultimately the way it will act on 

the substrates and products result from the overall structure of the ribozyme. However there is 

no obvious relationship between the degree of complexity of the reaction and the size of the 

ribozyme. Self-cleavage ribozymes are usually quite short ranging from 50 to 100 residues for 

the hammerhead and the VS ribozyme, respectively. Group I and group II introns have 

between 200 to 400 residues and RNase P with an apparently simple hydrolytic reaction to 

perform is also about 400 residues long (see Table 1). Thus, the size of a ribozyme also 

depends from functions that should be distinct from catalysis. 

 

 

A consequence of the fact that group I introns carry out splicing is that they adopt a 

particular secondary and tertiary structure (Figure 2). Their catalytic core is composed of 

short helices (Pi, i=1 to 10) precisely connected by single-stranded junctions (Ji/j) (Cech et 

al., 1994) (Figure 2). The detailed structure of group I introns will be described in chapter I 

section 3. Nonetheless, a brief description of some features helps understanding how splicing 

constraints result in a precise architectural organisation of each RNA structural element with 

respect to one another. In all group I introns P7 harbours the G cofactor binding site initiating 

the first step of the splicing pathway (Michel et al., 1990). The internal loop between P4 and 

P5 serves as a platform for docking the P1 substrate. Consequently P1 is sandwiched between 

P4/P5 and P7. It is worth to note that P1 and P10 are formed transiently prior to the first and 

the second catalytic steps, respectively which adds a molecular dynamics dimension to the 

system. In brief, the intricate network of interactions that constrains very strongly the whole 

RNA mainly results from the selection pressure for splicing (Golden, 2008). However some 

parts of the introns do not seem sensitive to them. Sequence analysis show that specific sites 

appear to concentrate insertion events (Figure 2) either under the form of structural variation 

of RNA peripheral domains or by integrating exogenic RNA like ORFs (Open Reading 

Frames) (see chapter I). 
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Figure 2 

Secondary structure of group I intron catalytic core 

Classical secondary structure representation of group I ribozymes according to (Cech et al., 
1994) adapted from (Adams et al., 2004a). Invariant residues are represented (P1 G•U, P7 
G=C) (R=A/G, W=A/U, D=A/G/U and N= A/C/G/U) according to (Michel and Westhof, 
1990).The yellow arrows represent the insertion sites of peripheral domains. The red arrows 
represent the insertion site of Open reading Frames Encoding for Homing Endonuclease.  
 

Structural variations of RNA peripheral domains have been extensively studied and 

have led to the phylogenetic classification of group I introns in 13 subgroups (Michel and 

Westhof, 1990). However the impact of these differences on catalysis and folding of only 

some group I introns phyla has been systematically studied (Woodson, 1992; Lehnert et al., 

1996; Schroeder et al., 2004; Chauhan and Woodson, 2008; Chauhan et al., 2009). Sometimes 

introns are accompanied by ORFs encoding maturases, endonucleases or other genes (see 

chapter I). The relationship between group I introns and their encoded ORFs has been much 

less studied. Many group I introns have insertions corresponding to a homing endonuclease 

gene (HEG). The homing mechanism is thought to mainly account for dissemination of 

introns (Haugen et al., 2005a; Haugen et al., 2005b). In such cases, introns can be considered 

as selfish elements that remain neutral to the host since splicing leaves the sequence at the 

insertion site unchanged. Nonetheless sequencing data show how complex some group I 
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introns are and raise the fundamental questions of what are the evolutionary causes and the 

functional consequences of those situations for both the introns and their hosts. 

 

 

Group I introns are distributed from bacteria to lower eukaryotes with a main 

incidence in fungi and an apparent absence from Archaea (Haugen et al., 2005a). Some of 

those are highly complex like the obligatory intron found in the gene of subunit 5 of the 

mitochondrial NADH dehydrogenase (ND5) from hexacorals (Figure 3, (Beagley et al., 1996; 

van Oppen et al., 2002)). Phylogenetic studies (Medina et al., 2006) show that in the course of 

evolution from Octocorallians to Corallimorpharians, the P8 element of this intron has 

gradually integrated more and more mitochondrial genes including other NADH 

dehydrogenase subunit genes, ribosomal RNAs and the cytochrome oxidase I (COI) which 

contains a HE-encoding group I intron. The observation that the ND5-717 intron is 

maintained throughout the phylogenetic tree prompts to ask wether it participates in 

regulating the expression of the NADH dehydrogenase which has a key role in respiratory 

control. Complex intronic context can also be observed in bacteria. In the human pathogen 

Clostridium Difficile, an intron (CdISt1) is inserted in the tcdA enterotoxin gene (Hasselmayer 

et al., 2004a; Hasselmayer et al., 2004b). This intron is fused with an insertion element (IS) 

encoding a degenerated transposase (TlpA) and a second functional one (TlpB). The 

association of an IS-element to an intron (IStron) represents an example of molecular symbiot 

but strikingly, it is always inserted within a protein coding genes. IStrons seem to have a 

leaky 3’ splice site which may induce protein diversity by modifying the length and sequence 

of the 5’ end of the second exon. In the case of the CdISt1 the IStron may well help the toxin 

gain structural diversity in order to vary its effect on the host. Mutants may be selected if they 

confer a selective advantage to the bacterium. Interestingly, the degenerated IS-element has 

been fused to the P9 region of the intron where insertions do not prevent splicing of the 

ribozyme.  
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Figure 3 

Highly complex group I introns 
 (A) Schematic secondary diagram representation of the ND5-717 intron obligatory in 
hexacoral mitochondrial genome. The 18.807 nt Discosoma presented herein contains 15 
additional mitochondrial genes (boxed blue and red) embedded within the structure of the 
intron. Only the tRNATrp gene (W) is freestanding in the mitochondrial genome. The 
cytochrome oxidase I (COI) gene is interrupted by a HEG-containing group I intron. (figure 
from (Nielsen and Johansen, 2009)). (B) ) Schematic secondary diagram representation of 
IStron CdISt1 from C. difficile (Hasselmayer et al., 2004a; Hasselmayer et al., 2004b).  

 
 

These examples chosen among many others suggest that introns are not only selfish 

transposable elements but can also benefit their host. Studying such complex introns in their 

biological context should allow for better understanding their relationship and very 

importantly the molecular mechanism by which such a relationship has appeared, is 

maintained and works. The ambition of this thesis is to illustrate these concepts by studying a 
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complex intron found in the small ribosomal subunit (SSU) gene of the myxomycete 

Didymium iridis and the amoebo-flagellates Naegleria. This intron is made from a HEG-

containing group I intron (GIR2) and another ribozyme (GIR1) inserted right before the HEG 

coding sequence (Figure 4). Although GIR1 strongly resembles a group I intron (Einvik et al., 

1998c), Nielsen et al (2005) have demonstrated that it instead carries out a branching reaction 

leading to the formation of a tiny lariat at the 5’ end of the homing endonuclease (HE) 

mRNA. This work had considerable impact on our view of this twin-intron. Actually, since 

GIR1 is fully transcribed before GIR2, early cleavage would prevent correct splicing of the 

whole intron together with the ligation of ribosomal exons leading to depletion of active 

ribosomes in the cell (Vader et al., 2002). To prevent this situation to occur, a control 

mechanism should exist that couples the activities of the two ribozymes. Analysis of the pre-

rRNA transcripts of D. iridis cells under starvation-induced encystment have shown the 

accumulation of a 7.5 kb RNA corresponding to the cleavage product of GIR1 extending 

through the HEG up to the end of the spliced large subunit (LSU) rRNA (Vader et al., 2002). 

These results demonstrate the coupling between the two ribozymes and motivated us to 

investigate the intron at different levels. It was first needed to better understand the molecular 

basis of the GIR1 branching reaction (Paper I (Beckert et al., 2008)). We deduced from this 

work and other data that the flanking sequences of GIR1 may have a role on its catalytic 

activity. Thus, we have started studying the effect of the flanking sequences on the structure 

of the catalytic core and the shape of GIR1 (Paper III) and on the release mechanism of the 

branching product from the ribozyme (Paper II). In parallel, we have designed constructs for 

crystallisation studies which are still under process. Finally, we turned towards GIR1 

ribozymes from Naegleria in order to explore whether the strategy used by the twin-intron of 

these organisms to couple the activities of both ribozymes was identical or different provided 

the RNA regions at the GIR1 interface are different in D. iridis and in Naegleria (Supp 

Results in chapter V). 

 

 
Figure 4 

Linear representation of the twin-ribozyme intron with the internal processing 
site (IPS) of the GIR1 ribozyme. 
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This corpus of data gives the following manuscript which is organised as follows: the 

introduction compiles the structural knowledge on group I introns in order to deliver the keys 

to understand the mechanism of the twin-intron from D. iridis and Naegleria. The results are 

then presented under the form of publications or preprints. Additional data that have obtained 

at the end of the PhD period are presented in the Supplementary Results section. Finally, a 

general conclusion and perspectives section follows summarising the milestones of the work 

and suggesting further ideas that still need to be experimentally addressed. 
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CHAPTER I: GROUP I INTRONS 
 

1. Function of group I intron:  
 

Most group I introns are able to perform two different reaction pathways. Those two 

different pathways recognized within the group I introns are “the self-splicing pathway” and 

“the circularization pathway”. Even through the two pathways are somewhat similar in their 

individual steps, they lead to the formation of different products (Nielsen et al., 2003). 

 

1.1. The self-splicing pathway: 

 

During the self-splicing pathway, group I introns catalyse their own excision from the 

primary transcript by two coupled transesterification reactions followed by the release of the 

ligated flanking exons RNA strands (reviewed in (Cech, 1990)). Many group I introns are 

able to promote their self-splicing activity in the absence of proteins. However, some others 

retain some poor self-splicing activity in vitro or only at high non-physiological Mg2+ 

concentration. They require protein co-factors or maturases in order to be catalytically active 

(Garriga and Lambowitz, 1986; Wallweber et al., 1997). Regardless of the maturase 

dependency to perform their splicing reaction, the chemical mechanism is the same (Figure 

5). The splicing pathway of group I introns has been well characterized for the Tth.L1925 

intron from the large subunit rRNA gene of the ciliate Tetrahymena thermophila by 

biochemical and biophysical methods. Remarkably it has been found to be representative for 

the self-splicing pathway of all the group I introns (reviewed in (Cech, 1990)).  

 

The ribozyme first reaches its active conformation (Figure 5-1). During the folding 

process, the 5’ exon base-pairs with the internal guide sequence (IGS) in order to form the P1 

hairpin. P1 is then positioned in the vicinity of the catalytic core of the ribozyme adjacent to 

the G-binding site (Figure 5-2). Given that the 5’ splice site is recognized and the binding of 

one exogenous guanosine (exoG) or one of its phosphorylated forms (GMP, GDP, GTP) to 

the G-binding site occurs, the first step of the splicing is initiated. The 3’OH group of the 

exoG acts as a nucleophile and attacks the phosphorous atom at the 5’ splice site. This results 

in breaking the bond between the 5’ exon and the intronic part (Figure 5-3). Then a new 
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covalent bond between the exoG and the first nucleotide of the intron is formed. Following 

the first step (Figure 5-4), conformational rearrangements occur in which the exoG exits the 

G-binding site and is replaced by the conserved guanosine residue at the 3’end of the intron 

(ωG) and finally the P10 domain is folded. The second transesterification reaction can then 

occur. The newly formed 3’OH group of the 5’exon then attacks the 3’splice site and 

simultanously completes the splicing reaction by forming the phosphodiester bond between 

the exons (Figure 5-5). The ligated exons are then released from the intron (Figure 5-6) 

(reviewed in (Cech, 1990)). This ability to self-splice has the potential to render the presence 

of group I introns genetically neutral to their host. 

 

 
Figure 5 

Self-splicing pathway of group I introns scheme. 
 

In order to accomplish the first splicing reaction step, group I ribozymes must first 

bind the exoG in the G-binding site. However, during this step a competition between the 

binding of either the exoG or the ωG in the G-binding site may exist (Rangan et al., 2003). On 

the opposite, the second splicing step is only restricted to the binding of ωG. Thus, the relative 

affinities for the two guanosines seem to change during the splicing pathway thereby driving 

the reaction to completion (Golden and Cech, 1996; Zarrinkar and Sullenger, 1998). The 

selection of which of the two guanosines that should bind to the G-binding site is provided by 

sequestration of ωG during the first splicing step. After the first transesterification reaction, 



Chapter I: Group I intron 
 

 
 17

conformation changes release ωG which can  dock to the G-binding site (Rangan et al., 2004). 

In this way, the ability of a group I intron to perform its self-splicing pathway relies on the 

ribozyme capacity to adopt a particular 3D conformation. However, in addition to the self-

splicing pathway, group I introns are able to perform an alternative pathway, the 

circularization pathway. What are the characteristics of the pathway? And what are the 

differences and the similarities between these two pathways? 

 

1.2. The Circularization pathway: 

 

Group I introns have been shown to be able to form three types of circular RNAs: 

“truncated intron circle”; “full-length circles” and “longer than full-length circles”. The first 

type of circular group I introns are truncated intron circles (Figure 6). They result from the 

circularization of the spliced out intron. In this particular case, after the self-splicing reaction, 

the intron terminal residue (ωG) is still docked in the G-binding site. The ωG makes an attack 

at an internal phosphodiester bond within the intron 5’end. It leads to the formation of a 

circular RNA and the release of a short RNA (Tanner and Cech, 1996). 

 

The second type of circular group I introns are full-length circles (FLC) that are 

specific of the circularization pathway (Haugen et al., 2004b; Nielsen et al., 2003; Zaug et al., 

1983) (Figure 6). Like the self-splicing pathway, the circularization pathway is a two step 

reaction: a hydrolytic cleavage directly followed by a transesterification reaction. This 

alternative pathway to the self-splicing one is initiated by the docking of the ωG in the G-

binding site. This situation is likely to mimic the second step of the self-splicing pathway with 

the difference in that there is no free 3’OH group on the 5’exon. The first reaction, the 

hydrolysis reaction is performed by a water molecule that attacks the 3’ splice site. Following 

the 3’splice site hydrolysis, the 3’OH of ωG performs a nucleophilic attack at the 5’splice site 

resulting in the formation of a covalent full length circle (FLC). The formation of FLC results 

in unligated exons and non-functional gene products (Nielsen et al., 2003).  

 

Finally the third type of circular group I intron that has been recently described in an 

in vitro study of the splicing of the Anabaena tRNALeu intron (Vicens and Cech, 2009) is 

longer than the FLC (Figure 6). In this particular intron, the formation of the circles results 

from the circularization of the spliced out intron. Unlike the case of the formation of a 
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truncated circle in which ωG makes an attack at an internal phosphodiester bond within the 

intron near the 5’end, ωG attacks the triphosphate of the GTP that was coupled to the intron 

5’end after the first step of splicing. Thus, pyrophosphate is released and the circles 

incorporate the guanosine co-factor. 

 

 
Figure 6 

Schematic representation of the group I introns’ processing pathways. 
(Left): The splicing pathway. This pathway is initiated by the binding of the exoG at the G-
binding site within the intron core. The nucleophilic attack by the 3’OH of the exoG at the 
5’splice site results in the breaking of the bond between the 5’ exon and the intronic part and 
the covalent binding of the exoG to the intron. Then the 5’exon is positioned to attack the 3’ 
splice site. The second transesterification reaction leads to the ligation of the 5’ and 3’ exons 
and the release of the linear intron. Further processing leads either to the formation of 
truncated circle or either to the formation of circle longer than the full-length (Vicens and 
Cech, 2009). (Right) The full length circle formation pathway. The circularization pathway 
starts with the binding of ωG to the G-binding site. The ribozyme then catalyzes a hydrolytic 
reaction at the 3’ splice site. Subsequently a transesterification reaction mediated by the attack 
of ωG at the 5’ splice site results in the formation of the full length circle and two free non-
ligated exons. (figure adapted from (Nielsen et al., 2003)). 

 

Most group I introns are found inserted in rRNA genes from all three phylogenetic 

kingdoms. However they seem to have a sporadic distribution. It points out to a complex 

evolutionary past (Belfort and Perlman, 1995b). Phylogenetic studies and mapping of group I 
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introns insertion sites in the rRNA have revealed that the group I introns are present in more 

than 50 distinct integration sites.  

 

2. Group I intron mobility:  

 

A common spreading mechanism of group I introns is vertical inheritance. Once 

inserted into a genome an intron can be stably maintained within its host gene over long 

periods of time. The tRNALeu group I intron is in this view a remarkable example. It has been  

retained in the plastid DNA after primary endosymbiosis of the cyanobacterium into a 

primordial eukaryote (Kuhsel et al., 1990; Xu et al., 1990). Therefore, tRNALeu introns can be 

used to infer host phylogeny in the same manner as the commonly used ribosomal DNA 

(Simon et al., 2003). The phylogenetic observations that highly similar introns are often 

inserted in the same site of several different species, support that group I introns have been 

lateraly transferred. This strongly indicates that introns are not passive genetic entities but 

rather dynamic mobile elements that can both be lost or gained by horizontal transfer. Thus, 

vertical inheritance and horizontal transfer are the two mechanisms that account for the 

particular distribution of group I introns (Figure 7). Intron spreading can be mediated by 

homing endonucleases (Figure 7 A) often found inserted into the peripheral regions of group I 

introns. Mobility may be also achieved by the ribozyme itself, presumably by reversal of the 

splicing reaction (Figure 7 B). 

 

 
Figure 7 

The two mobility mechanisms proposed for group I introns. 
(A) HEG-mediated transfer via double break repair mechanism. The endonuclease is 
expressed from an intron I+, recognizes a specific sequence in the allele I- and then creates a 
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double stranded break. The damaged allele is then repaired using as template the allele 
containing the intron. (B) Model for ribozyme-mediated transposition. Two different genes 
(Gene 1 and Gene 2) contain an intron I+ and an intron-less respectively. After transcription 
the intron I+ is processed and released from the RNA precursor. Subsequently the intron 
reverse splice into the intron-less RNA. A DNA homolog is then created by reverse 
transcription of the new RNA template intron I+. By homologous recombination of the 
flanking sequences the intron is integrated into the genome.  
 

2.1. Homing endonuclease mediated mobility at the DNA-level: 

 

Homing endonuclease genes (HEGs) are mobile genetic element. They are widely 

distributed in fungi, protists, bacteria and viruses. They are found as freestanding genes or 

embedded in the peripheral regions of group I introns. The homing endonucleases have been 

classified into four different families characterized according to their conserved structural 

motifs: LAGLIDADG, GIY-YIG, H-N-H and His-Cys box (Belfort and Roberts, 1997; 

Chevalier and Stoddard, 2001). They have no known host function and are rather thought to 

exemplify selfish parasitic elements (Goddard and Burt, 1999a). The homing endonucleases 

found in group I introns promote intron homing in a process where the intron moves from an 

intron-containing allele to an intron-less allele by the double-strand-break-repair (DSBR) 

pathway (Belfort and Perlman, 1995a). The site specific transfer is initiated by recognition of 

an asymmetric target sequence of 14-40 bp with a tolerance to single site mutation by the 

homing endonuclease (Galburt and Stoddard, 2002). The endonuclease makes a specific 

double-strand break in the intron-less allele. The break is subsequently repaired by gene 

conversion from the intron containing allele (reviewed in (Lambowitz and Belfort, 1993)).  

 

In nature, group I introns and associated homing endonuclease genes appear to 

undergo an evolutionary cycle of gain and loss currently known as the Goddard-Burt cyclical 

model (Goddard and Burt, 1999b) (Figure 8). This model describes the life cycle of the intron 

and its associated homing endonuclease gene. When all the alleles in a population are 

occupied, the HEG has no longer a biological function and then a degeneration process is 

initiated. The HEG accumulates mutations, becomes truncated, non-functional and finally lost 

from the group I intron by sporadic deletion. Unable to spread, the intron is then lost and in 

this way, leaves the host allele free for recurrent new insertions or invasions to restart the 

cycle. Consequently, similar introns with different HEG states 

(functional/mutated/degenerated) can be found in the same position in the intron of different 
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genome species. Introns do, however, manage to “escape” from the cycle by inserting into a 

new genetic position. 

 

 
Figure 8 

The Goddard-Burt cyclical model (Goddard and Burt, 1999b). 
The evolutionary model of group I intron gain and loss is divided into different steps. 1) 
Intron invasion and fixation: A mobile intron with a functional HEG invades an intron-less 
population and becomes fixed in all the homologous insertion sites via the homing process. 2) 
HEG degeneration and loss of function: because all the homologous already possess an intron 
and are protected from the HEnase activity, the HEG does not need to be active decreasing 
selection pressure toward it function. The HEG becomes redundant, mutated and eventually 
lost. However some introns may escape from the cycle and gain a new function. Depending 
on the selection pressure those new RNA elements can be conserved or be transient (Nielsen 
and Johansen, 2009). 3) Intron precise loss: Finally the intron is lost leaving the host allele 
free and ready for a new invasion. 
 

Homing endonucleases encoded by group I intron have been shown to bind to their 

cognate intron RNAs. They have been demonstrated to have a maturase activity, i.e. 

promoting the splicing of the intron (Belfort, 2003; Longo et al., 2005) (See paragraph 5: 

Group I intron looking for protein partner ). Thus, both mobility and splicing of some group I 

introns rely on the expression of their embedded protein-coding genes. How protein-coding 

genes embedded in nuclear ribosomal DNA can be expressed and also regulated? 
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2.2. Mobility at the RNA level: 

 

Homing endonucleases found in group I introns promote intron homing by the DSBR 

pathway. However, this particular pathway is highly allele specific and does not favour 

transposition of introns to other loci. Moreover, the particular wide phylogenetic distribution 

of group I introns and the fact that only about 30% of group I introns encode a protein with a 

putative endonuclease activity (reviewed in (Guhan and Muniyappa, 2003)) support the idea 

that other processes may contribute to the site-specific insertion or transfer of group I introns. 

Interestingly, transesterification reactions catalysed by the group I ribozymes are reversible. 

Thus, a mechanism based on reverse splicing directly followed by reverse transcription of the 

recombinant RNA and integration into the genomic DNA could contribute to intron mobility 

(Figure 9). By this process, the intron mobility could result either in homing, if the intron 

integrates into a homologous site or an intronless allele, or transposition, if the intron 

integrates into a heterologous site. 

 

The mechanism responsible for group I intron heterologous site invasion is mainly 

based on the reverse-splicing ability of group I introns shown by in vitro studies done with the 

Tetrahymena intron (Woodson and Cech, 1989). This reverse-splicing mechanism depends on 

the group I ribozyme ability to reform a P1 helix by recognition of a 4-6 nt target sequence 

complementary to the intron encoded internal guide sequence (IGS). However in vitro 

integration experiments between the linear Tetrahymena intron and the 23S E. coli rRNA 

have shown that there was a large degree of flexibility in the selection of the 5’ sequence for 

the formation of the stable P1 (Roman and Woodson, 1995). Thus, the integration site differed 

significantly from the original 5’ exon and the frequency of the reverse splicing site was 

modulated by the structure of the rRNA (Roman and Woodson, 1995). Nevertheless, reverse 

splicing was shown to occur only when the P1 helix was reformed and if it could be docked 

into the intron core then the forward splicing was promoted (Woodson and Cech, 1989). In 

vivo studies based on the expression of the Tetrahymena intron in E. coli have confirmed 

these in vitro observations. The Tetrahymena intron is able to reverse-splice into sites 

homologous to the splice junction of the Tetrahymena organism (Roman and Woodson, 

1998). Interestingly, the ribozyme has also been shown to integrate into several non-

homologous sites but less efficiently (Roman and Woodson, 1998; Roman et al., 1999). 

Additional experiments also showed that a strong P10 was required for the choice of the 
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integration site and in some cases it could even enhance reverse-splicing reactivity (Roman et 

al., 1999).  

 

 
Figure 9 

Model of reverse splicing process leading to intron integration at the RNA level. 
The reverse splicing is initiated by recognition of a substrate that possesses a sequence 
complementary to the IGS. The 3’OH group of the ωG attacks the novel 3’ splice site in the 
substrate. Then the 3’OH group of the novel 5’ exon attacks the phosphodiester bond between 
the intron and the exoG attached to its 5’ end. This results in the integration of the intron in 
the RNA molecule and also the release of the exoG that was previously incorporated in the 
spliced intron. 
 

It is worth to note that, depending on the intron, the reverse-splicing efficiency and 

integration site diversity could vary. In vitro and In vivo reverse-splicing studies of the twin-

ribozyme intron containing the DiGIR2 ribozyme promoting the formation of FLC intron 

(Nielsen et al., 2003) (Paper IV), revealed that this particular ribozyme reverse-splices into 

its phylogenetically conserved insertion site (i.e. S956) in the SSU rRNA of E. coli and yeast. 

Further analysis of the entire E. coli SSU rRNA confirmed that intron integration was 

exclusively restricted at the site S956 (Birgisdottir and Johansen, 2005). Remarkably, DiGIR2 

possesses a high affinity for its own integration site. This is to put in contrast with the 

previous observation done with the Tetrahymena termophila ribozyme which partially reverse 

splices into its own insertion site but also targets several novel rRNA sites (Roman and 

Woodson, 1998).  

 

Although the mechanism by which the group I introns invade heterologous genetic 

sites and then integrate in a DNA gene remains elusive, the reverse-splicing remains the most 

plausible model. While the homing model remains highly efficient but highly targeted with 

the recognition sequence recognition of 15-45 nt, the reverse-splicing seems to be less 

targeted with its sequence requirement of 4-6 nt and also less efficient because of the need of 

two additional steps (i.e. reverse-transcription and then recombination). Reverse-splicing 

between a linear group I ribozyme and a ligated exon or rRNA has been  shown to take place 

in vitro (Roman and Woodson, 1995; Woodson and Cech, 1989) and also in vivo (Roman and 
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Woodson, 1998; Roman et al., 1999). Interestingly, the circular form of group I introns could 

also be a serious candidate for intron mobility by reverse splicing.  

 

2.3. The FLC intron, a possible role in the group I intron mobility? 

 

During in vitro processing by some group I introns, the different reactions catalyzed 

were shown to promote accumulation of different intermediates (Johansen and Vogt, 1994; 

Decatur et al., 1995; Nielsen et al., 2003; Haugen et al., 2004a). Interestingly, in the case of 

the DiGIR2 group I ribozyme, the formation of FLC introns and the circularization pathway 

products were detectable both by northern blot analysis (Vader et al., 1999; Vader et al., 

2002) and qRT-PCR (see Paper IV). Moreover, the qRT-PCR revealed that these FLC 

introns were accumulating in the cell in response to external factors (Paper IV). These 

observations support the idea that the FLC is a biologically relevant molecule and also reflect 

that RNA circularity increases the resistance against degradation (Harland and Misher, 1988; 

Chan et al., 1988). Then, it was speculated that the presence of those FLCs may have several 

biological roles: (1) they could act as intermediates in the expression of the intron-encoded 

homing endonuclease by stabilizing the messenger RNA, in other words they could be 

regarded as expression vectors (Nielsen et al., 2003); (2) they could also be involved in 

translocation from the nucleus to the cytoplasm prior to translation (Haugen et al., 2002); (3) 

finally, they could be involved in the group I intron mobility (Paper IV).  

 

Why only the FLC introns can be involved in the mobility? First, these FLC are in fact 

constituted by the entire intron sequence in comparison with the truncated circle. Thus, the 

junction sequence created between the 5’ end and the 3’ end of the intron in the FLC can be 

virtually used to recognize the integration site in the target RNA (Nielsen and Johansen, 

2009). Second, the model proposed for FLC integration is based on the energetic advantage 

that could drive the integration reaction by breaking three phosphodiester bond (circle 

opening, removal of exoG and splitting of the ligated exon) and formation of two 

phosphodiester bonds (establishment of the 5’ and the 3’ splice site) (Nielsen and Johansen, 

2009). The circle integration mechanism is currently under investigation but the role for the 

FLC in intron mobility and horizontal transfers has been already suggested (Haugen et al., 

2002; Nielsen et al., 2003) and shown to integrate ligated RNA exons in vitro (Birgisdottir, 

2005) but with an unknown mechanism currently under investigation. 
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In RNA, function is dictated by the structure. The ability of a group I intron to perform 

all its reactions thus relies on the ribozyme capacity to reach its active conformation. 

 

3. Structure of group I intron:  

 

Group I introns vary significantly not only in size but also in there self-splicing 

abilities. Group I introns have been categorized into 5 main groups (IA-IE) with a total of 13 

subclasses by comparative sequence analysis (Lehnert et al., 1996; Li and Zhang, 2005; 

Michel, 1990). 

 

3.1. Secondary structure representation improvement according to the first 3D 

model: 

 

Group I ribozymes are highly structured and their structure has been extensively 

characterized using biochemical methods: chemical and enzymatic structure probing (Inoue 

and Cech, 1985), mutagenesis, chemical footprinting (Latham and Cech, 1989), covalent 

cross-linking (Downs and Cech, 1990a; Wang and Cech, 1992; Wang et al., 1993). They all 

retain a central core with a conserved secondary structure composed of a series of base-paired 

helices (P) numbered P1 through P9 (Michel et al., 1982). The paired helices are separated by 

loops (L) or connected together by single-stranded junctions (J), named according to the two 

helices that are linked (Figure 10 A and B). The amount of data and the alignments of group I 

intron sequences available in the 80’s led to the building of the first three dimensional model 

of the group I intron core sufficiently detailed to guide knowledge-based experiments 

(Michel, 1990) (Fig 3 C). 

 

Figure legend: Group I intron secondary structures and the first 3D model 
Improvements of the group I intron secondary structure schema drawing and the first 3D 
model of group I intron. (A) Classical representation of the group I secondary structure 
(adapted from Burk et al. 1987). Paired segments (P1-P9) are indicated. For clarity of the 
figure only the universally conserved residues are included. Exons are shown as thick black 
lines. (B) The modern secondary structure representation of group I intron core (adapted from 
Cech et al. 1994). Domains and helices are represented more accurately according to their 
organization within the intron. Principal domains are separated by dotted lines. (C) The first 
3D model of group I intron done by Michel and Westhof based on sequence alignment (from 
Michel & Westhof 1990).  
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Figure 10 

Group I intron secondary structures and the first 3D model 
 

As deduced from biochemical data in combination with structure modelling, the 

secondary structure of the phylogenetically conserved core of the ribozyme can be divided 

into three helical domains: P1-P2 (substrate domain), P4-P6 (stabilization domain) and P3-P9 

(catalytic domain). The conserved regions of the P1-P2 and P4-P6 domains consist of 2 and 3 

helices respectively that are nearly coaxially stacked (Figure 10 B and C). The P3-P9 domain 

contains the pseudoknot P3/P7 conserved in all group I introns and is interrupted by the P4-P6 

domain. The P4-P6 domain serves as a scaffolding domain. Tertiary contacts between P5 and 

the P9 loop (L9) of the catalytic domain and also between P3 and P6 allow the P4-P6 domain 

to wrap around the P3-P9 domain (Figure 10 C). This creates a cleft at the domain interface 

into which can dock the P1 hairpin harbouring the 5’ splice site (Kim and Cech, 1987; 

Michel, 1990) (Figure 10 C).These structural elements represent the catalytic core of the 

intron and are conserved in the vast majority of the self-splicing group I introns.  
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Although group I ribozymes are highly structured and the secondary structure of their 

core is highly conserved, the comparison of their primary sequence reveals very few 

conserved positions (Michel, 1990). Conserved residues are directly involved in the 

recognition and positioning of the substrate. These conserved nucleotides spread over the 

three different domains like in the substrate domain with the G•U wobble base pair from P1; 

in the stabilization domain with the internal bulge J4/5 located in the P4-P6 domain and 

finally in the catalytic domain with both ωG and the G-C base pair at the G-binding site in P7. 

As an example the A residues from the J4/5 have been shown to be important for the correct 

5’ splice site selection. ωG participates directly in the reactions catalysed by the ribozyme and 

the G-C base pair plays an important role in selection and the coordination of the exoG and 

the ωG residues that are bound alternatively to the G-binding site (Michel, 1990). 

 

3.2. The advent of crystallographic structures: 

 

Generally crystal structures of enzyme or ribozyme represent a major breakthrough in 

our understanding of their activity. Twenty-two years after the discovery of the first ribozyme, 

crystal structures of different group I introns from three distinct types of exons (rRNA, 

mRNA and tRNA) and trapped in three distinct chemical states (Figure 11) have revealed at 

the atomic level their catalytic strategy. Three different group I intron structures were solved: 

the Tetrahymena intron (IC1) (Golden et al., 1998; Guo et al., 2004), the tRNAIle intron from 

Azoarcus (IC3) (Adams et al., 2004a; Adams et al., 2004b) and the orf142-I2 intron form 

Twort bacteriophage (IA2) (Golden et al., 2005). 

 

 
Figure 11 

Schematic representation of the three distinct chemical states in which the ribozymes 

were crystallized. 
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3.2.1. Overview of the atomic level architecture of group I introns: 

 

3.2.1.1. Global overview of the 3D architecture: 

 

 The three different group I intron structures belong to three different group I intron 

families (IC3 ,IC1, IA2), they show a global organisation and a catalytic core structures 

remarkably similar (Dror et al., 2005) even if they are locked in different states of the self-

splicing reaction pathway (Figure 12 A). Interestingly these crystal structures globally 

confirm the previous 3D models (Lehnert et al., 1996; Michel, 1990; Rangan et al., 2004). As 

an example, the overall rsmd of 3.85 Ǻ between the Azoarcus crystal structure and its model, 

(Rangan et al., 2004) shows that the architectural elements were correctly predicted and 

positioned with respect to one another. Moreover, models can provide a good basis for 

designing experiments (Adams et al., 2004a). Deduced from biochemical data in combination 

with 3D modelling and confirmed by crystal structures, the structure of group I introns is able 

to form by the assembly of the three main domains: (P4-P6), (P3-P9), (P1-P2) (Figure 12 A 

and B). Interestingly, the 3D structures confirm that the conserved nucleotides found in the 

alignment to be localized mostly in the P4, P6 and P7 helices (Michel, 1990) are clustered in 

and around the active site (Figure 12 C). 

 

 The striking point of those three different crystal structures comes from the G-

binding site located in P7 which is occupied by the 3’-terminal ωG. Even if the ribozymes are 

locked in different states of the self-splicing reaction pathway, the structure of the G-binding 

site is remarkably conserved (i.e. the root mean square deviation of the sugar-phosphate is 

below 1 Ǻ Figure 12 C). The crystallographic structures highlight the interaction mode of the 

ωG in the G-binding site by making hydrogen-bonding interactions to the deep groove of the 

universally conserved G-C pair of P7 helix which is consistent with the previous observations 

(Michel et al., 1989). Furthermore they reveal the structural context in which the base-triple 

interaction (ωG-G=C) takes place which consists in a sandwich of base-triple interactions 

comprising residues from the P7 helix and the J6/7 junction. Given that ωG is stacked and 

stabilized by those three other base-triple interactions it also provides a specific recognition of 

the guanine base, while leaving the sugar moiety of ωG accessible for the catalytic reaction.  
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Figure 12 

The common catalytic core organization of group I ribozyme. 
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The common catalytic core organization of group I ribozyme. (A) Crystal structures of the 
Tetrahymena, Azoarcus and Twort ribozyme. The three domain organization is highlighted by 
colouring in red the P4-P6 domain, in blue the P3-P9 domain and in green the P10-P1-P2 
domain. (B) Schematic representation of the three group I introns 3D structure. Those 
schematic representations show the relative positioning of the domains previously shown by 
the coloured ribbon 3D structure. They also demonstrate the global architecture conservation. 
(C) Overlay of secondary structure diagrams emphasizing conserved structural elements 
(black) inside a conserved core (formed by the three shaded boxes that define, from left to 
right, the P4–P6, P1–P2 and P3–P9 domains). P1–P10 elements, important junctions and 
loops, and the intron-specific peripheral domains are indicated. Coloured 5’ and 3’ symbols 
locate the different ends of the three constructs. The broken box around the P5a element of 
Twort specifies that this region is disordered in the final model. Lower- and upper-case 
characters stand for exon and intron sequences, respectively. Nucleotides conserved in the 
three sequences are shown in red: these residues on the 3D structure of Azoarcus are shown in 
the inset. In the other inset is shown the superimposition of the P7 and the G-binding site in 
the Azoarcus (blue), Tetrahymena (green) and Twort (orange) structure. ωG is shown in balls 
and sticks. Values in green and orange indicate the root mean square deviations (RMSDs) for 
the Tetrahymena/Azoarcus and Twort/Azoarcus comparisons, respectively (Vicens and Cech, 
2006). 
 

3.2.1.2. Importance of junctions: 

 

 The crystal structures have also highlighted the importance of junctions that form 

specific structures essential for both folding and substrate recognition. J3/4 and J6/7 were 

predicted from early mutagenesis studies (Michel et al., 1990) to form base-triples at the P4-

P6 domain interface. Crystal structures confirm these predictions and show that these 

junctions are involved in the formation of base triples and they facilitate contacts between the 

P4-P6 domain and the P3-P9 domain (Figure 13 A). It also has been revealed, from the 

Azoarcus crystal structure, the importance of the J6/7 in the stabilization and the formation of 

base-triple interactions with residues of P7. In this structure the backbone of the last two 

nucleotides from this junction has been found to serve as ligand for an active site metal ion 

(Adams et al., 2004a). They also provide, in combination with the other features present in 

P7, a specific recognition of the guanine base (exoG and ωG). This structure explain why the 

length, but not the sequence of J6/7, is absolutely conserved (Damberger and Gutell, 1994). 

 

 Two other critical junctions (J8/7 and J4/5) have been shown notably by these 

structures to be directly involved in the substrate recognition. The first junction J8/7, highly 

conserved among the group I introns (7 nucleotides in the IC1 introns and 6 nucleotides in the 

other introns) with a particular order of conserved purines and pyrimidines, is involved in 
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bringing together the P3-P7 domain that contains the G-binding site and the P1 helix (Figure 

13 B). The second junction J4/5 that forms a tandem of sheared A◦A pairs, is directly 

involved in the recognition of the G•U pair on the 5’splice site. By making A-minor type 

interactions (see Annexes Review: Exploring RNA structure by integrative molecular 

modelling) this junction stabilizes and recognizes the G from the G•U wobble pair. Each 

junction lines on one side of the domain, providing complementary surface for interdomain 

packing.  

 

 
Figure 13 

Superimposition of the conserved junctions. 
(A) J6/7 junction interacts between the P4 and P6 helices. (B) The J8/7 junction brings 
together helices P1, P3 and P7. Those two examples illustrate interdomain packing mediated 
by the junctions. (Azo: Azoarcus ribozyme; Tet: Tetrahymena ribozyme; Two: Twort 
ribozyme) 
 

3.2.1.3. Tetraloop docking interaction: 

 

 Generally group I intron helical stems are often capped by one of the three classes of 

tetraloop sequences: CUYG, UNCG and GNRA (where, N = any nucleotide, R = Purine, Y = 

Pyrimidine). As an example, a survey of 230 selected group I intron from various origin 

(nuclear, mitochondrial and chloroplastic), in which the domain P9 and P2 are capped by a 

loop, reveals that P9 is capped at 82.2% by a GNRA loop while P2 is only capped at 47.4% 

by a GNRA loop (Prathiba and Malathi, 2008). The three crystal structures emphasize the 

importance of the L9 loop. By making long range interactions with the P4-P6 domain, L9 

clamps the P3-P9 and P4-P6 domain together. The GNRA loops known to stabilize 

hairpin/helix, participate in long range tertiary contacts by interacting within the shallow 

groove of helices (Figure 14). Phylogenetic, experimental data and crystallographic structures 

have shown that GNRA tetraloops have their specific receptors (Costa and Michel, 1995; 
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Costa and Michel, 1997; Ikawa et al., 1999; Ikawa et al., 2001; Jaeger et al., 1994). Thus, the 

L9 GAAA tetraloop found in the crystal structures interact with its conserved 11-nucleotide 

internal loop motif (Costa and Michel, 1995).  

 
Figure 14 

Tetraloop receptor 

 

3.2.1.4. The P3 pseudoknot belt: 

 

 An important structural feature that characterises group I introns is the pseudoknot 

P3/P7. Interestingly, the Azoarcus crystal structure shows a novel feature: “a pseudoknot 

belt”. This pseudoknot belt is composed of a single stretch of ~25 nucleotides included and 

roams through all three intron’s domains, wrapping the whole intron in its equatorial region 

(Adams et al., 2004b) (Figure 15). This particular structure is consistent with the previous 

kinetic investigations of ribozyme folding that indicated that P3 is the last helix to form (Pan 

and Woodson, 1998; Rangan et al., 2003; Sclavi et al., 1998; Zarrinkar and Williamson, 

1994). In a similar manner in the Twort and Tetrahymena  other crystal structures, this 

pseudoknot belt brings P1/P2 into the active cleft where the P1 helix and its 5’-exon could 

adopt a docked conformation (Adams et al., 2004b). Despite the differences in the set of 

peripheral domains from each intron, the belt remains on the outside of the molecule. 
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Figure 15 

Cross-eyed stereographic view of the P3 pseudoknot belt. 
The P3 pseudoknot belt reaches around the circumference of the Azoarcus intron’s midpoint. 
The belt is shown in orange and involved ~25 residues (A32 to A59) included within the three 
domain. The 5’ and 3’ exon are shown in red. (Adams et al., 2004b). 
 

3.2.1.5. Role of metal ions in the catalytic site: 

 

 Comparison with protein enzyme active sites in combination with biochemical 

experiments and modelling approaches have led several groups to suggest that the presence of 

metal ions in the active site contributes to the self-splicing reaction mechanism (reviewed in 

(Hougland  et al., 2006)). Early biochemical experiments provided evidence for three metal 

ions in the catalytic site during the first step of the self-splicing pathway (reviewed in 

(Hougland  et al., 2006)). In vitro experiments based on metal ion rescue of modified 

substrates have led to uncover a first metal ion (MA) (Piccirilli et al., 1993) and then a second 

(MB) (Weinstein et al., 1997). In this model the metal ions MA and MB have each a specific 

role. MA (bound to 3’OH group of the U of the G•U substrate) serves as nucleophile activator 

while MB (bound to the 3’OH group of the exoG) serves as a leaving group stabilizer 

(Weinstein et al., 1997). Subsequent experiments also based on metal ion rescue of modified 

substrates have led to uncover a third metal ion (MC) that contacts the 2’OH group of exoG 

during the first step of splicing (Shan et al., 1999; Shan et al., 2001; Shan and Herschlag, 

1999) (Figure 16 A). Interestingly, it has been also demonstrated that the two metal ions MB 

and MA exchange their role during the second step of splicing with MB now bound to the 3’ 

oxygen atom of the ωG and MA still bound to the same uridine (Steitz and Steitz, 1993). 
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Figure 16 

Metal ions at the active site. 
 (A) The three metal ion model. The magnesium ions in the core are proposed to contribute to 
the catalytic property of the intron in three ways: 1) By positioning the substrates with respect 
to each other 2) By deprotonating 3’-oxygen of the attacking nucleophile (ExoG, 5’exon or 
ωG). 3) By stabilizing a negative charge both in the transition state and on the leaving group. 
(B) Representation of the metal ion in the active site from the Azoarcus ribozyme crystal 
structure.  
 

 The high resolution crystal structure of the Azoarcus ribozyme trapped in the 

splicing intermediate prior to the exon ligation reaction has enabled to observe metal ions in 

the active site (Adams et al., 2004a; Adams et al., 2004b). Interestingly, this crystal structure 

supports a “two metal ion model” previously proposed (see (Steitz and Steitz, 1993)). The 

crystal structure furthermore demonstrates the binding mode but also the activation and 

stabilization of the various group involved in binding the two metal ions identified in the 

active site. Thus, it seems that only two metals ions are required for the catalysis to occur in 

the second step of splicing, with MA that acts as a nucleophile activator and MB as a leaving 

group stabilizer. The two metal ions coordinate the hydroxyl and phosphate oxygen group 

from the exon intron respectively as previously predicted by biochemical experiments. 

Moreover, the metal-metal distance of 3.9 Ǻ is in good agreement with the “two metal ion 

model” catalytic center (Steitz and Steitz, 1993) (Figure 16 B).  

 

 The three different crystal structures show differences in the number and specific 

contacts of the metal ions bound to the active site. This heterogeneity highlights the inherent 

difficulty in assigning catalytic metal-ion-binding sites using structural approaches. It is also 
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possible that those variabilities in the binding of metal ions are the result from the 

crystallisation condition but also from the state in which the molecules were trapped. Thus, 

the crystal structures do not rule out the presence of the third metal ion at the active site. 

 

3.3. The peripheral elements: 

 

 The classification of group I introns into 13 structural subgroups is based on 

subgroup-specific peripheral elements (Lehnert et al., 1996; Li and Zhang, 2005; Michel, 

1990). Generally these elements are inserted away from the catalytic core in the loop regions 

(P1, P2, P5, P6, P8 and P9) and in some particular cases in the core (P7 in the Twort 

ribozyme). Two kinds of peripheral elements exist. The first ones are those longer than 500 nt 

and contain open reading frames (ORF) encoding endonucleases that promote intron mobility 

(Haugen et al., 2005a) and should have no impact in the stabilization of the ribozyme core. 

The second type of peripheral elements (numbered P11-P17) are those that are involved in the 

stabilization of the ribozyme core by establishing long-range tertiary interactions. Through 

long-range loop-helix or loop-loop interactions these peripheral elements frame the ribozyme 

and tie it together (Golden et al., 2005; Lehnert et al., 1996) (Figure 17). Moreover, the 

progressive deletion of these peripheral elements can result in the ribozyme loss of activity 

(Cech, 1990) or in a shift from its self-splicing pathway to the circularization pathway 

(Haugen et al., 2004a). However, some group I introns have lost their peripheral domains but 

the high G+C content and the highly structured 5’ and 3’exons, like in the case of the 

Azoarcus ribozyme, may account for the high activity of the ribozyme even at high 

temperature (Tanner and Cech, 1996). 
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Figure 17 

Overview of the peripheral domain in the Tetrahymena Tth.L1925 group I ribozyme. 
(A) Secondary schematic drawing of the Tetrahymena Tth.L1925 group I ribozyme with filled 
in red the stabilization domain, in blue the catalytic domain in orange the P2-P2.1 peripheral 
domain, in cyan the P9.1-P9.2 peripheral domain and in green the P1 domain. The tertiary 
interactions are represented by dashed boxes and dashed lines. Long-range interactions that 
mainly involve loop-loop interactions are numbered P13 and P14. (B) 3D model of the 
Tetrahymena Tth.L1925 group I ribozyme with its peripheral domains (Lehnert et al., 1996). 
(C) Crystal structure of the Tetrahymena Tth.L1925 (Guo et al., 2004). The comparison 
between the 3D model and the crystal structure shows how the peripheral elements interact 
away from the catalytic core in order to frame the ribozyme.  
 

 

The ability of a group I intron to perform all its catalytic reactions relies on the 

ribozyme capacity to adopt particular secondary and tertiary structures but also on the folding 

path of molecule can reach its active conformation. In the next section we will have an 

overview of the group I intron folding. 

 

4. Group I intron folding:  

 

The Levinthal’s paradox exposes that the time needed for a protein to randomly search 

through all their possible conformations in order to find the one with the lowest free energy is 

much more longer than the lifetime of the universe (Levinthal C., 1969). This paradox can be 

applied to the RNA folding issue. In other words, this folding issue can be reframed in: how 

do RNA molecules to fold into a unique structure without searching through all possible 

conformations available to them on a physiologically relevant time scale? 
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4.1. The in vitro hierarchical model for RNA and group I introns: 

 

Early work on tRNA and group I introns led to a hierarchical model for the RNA 

folding. In this model, the regular secondary elements such as helices, loops, bulges and 

junctions are produced by nearest neighbour interactions which are mainly base stacking and 

base pairing (Brion and Westhof, 1997). Those local secondary structures were  shown to be 

stable under a wide range of conditions (i.e. pH jump and salt concentration) (Tinoco, Jr. and 

Bustamante, 1999). Interestingly they were also shown to fold in vitro in a time scale of 10-

100 µs and to be thermodynamically stable. The subsequent collapse of these secondary 

structure elements together generates the tertiary structure which is stabilized by interhelical 

tertiary interaction and specific coordination of metal ion (Treiber and Williamson, 2001; 

Woodson, 2000a; Woodson, 2000b; Woodson, 2005). In this model the secondary structure 

forms first quickly and is followed by a slower establishment of the tertiary interactions.  

 

Due to its particular chemical nature, the RNA molecules are highly negatively 

charged which works against folding into a compact structure. The formation of the tertiary 

structure induces an increase of the local negative charge density. Thus, the tertiary structure 

is strongly coupled to the electrostatic environment. Tertiary structure is also more sensitive 

than the secondary structure to the size, valence and concentrations of counterions (Draper, 

2004; Draper et al., 2005; Woodson, 2005). Those ions promote folding by reducing the 

electrostatic repulsion between RNA phosphate groups. The close relationship between 

structural hierarchy, stability, and electrostatics have been shown by many folding studies of 

several group I introns and is illustrated by the equilibrium folding pathway of the Azoarcus 

group I ribozyme dependency to Mg2+ (Rangan et al., 2003). Interestingly, the studies of the 

Azoarcus Mg2+ dependence folding pathway have led to a model with the presence of two 

macroscopic transitions (Figure 18) (Rangan et al., 2003). At low ionic strength, the ribozyme 

adopts some secondary structures (U). The sub-millimolar Mg2+ (~0.2 mM) neutralizes the 

negative phosphate charges and induces the assembly of core helices. It allows compaction of 

the core and results in appearance of ordered intermediates (IC). Additional Mg2+ (~2 mM) 

induces formation of the native tertiary structure (N), which also correlates with the fact that 

this ribozyme shows a burst of reactivity. Interestingly, the folding studies of the Azoarcus 

group I ribozyme have also led to the identification of a stably folded inactive form of the 

ribozyme (IF). Furthermore, hydroxyl radical footprinting experiments performed onto those 

compact intermediates (IC and IF) have demonstrated that the interior of the RNA remains 
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accessible to the solvent (Das et al., 2003; Rangan et al., 2003). This suggests that the tertiary 

interactions taking place in the I states are dynamic. 

 

 
Figure 18 

Hierarchical folding of the Azoarcus ribozyme. 
The Mg2+ dependent folding pathway involves at least two macroscopic transitions (I->N). 
(U) The unfolded state contains most of the secondary structure (helices, loops and junction). 
Low Mg2+ concentration (~0.2 mM) induces arrangement and cooperative organization of 
secondary structural elements to compact intermediates: native-like intermediates (IC). Those 
compact intermediates are folded in an open dynamic conformation. In higher Mg2+ 
concentration the tertiary interactions start to stabilize the ribozyme structure (IF). In above 2 
mM Mg2+ the tertiary structure becomes stably folded and catalytic activity ensues (N). The 
overall folding time of the Azoarcus ribozyme from its secondary structure to its native 
catalytic tertiary structure has been estimated to <50 ms at 37°C (Rangan et al., 2003).  
 

4.2. Folding intermediates, dynamics and misfolding: 

 

Azoarcus ribozyme folding studies have  shown that the ribozyme collapses quickly to 

native-like intermediates that transform to native structure in <50 ms (Chauhan et al., 2005; 

Rangan et al., 2003). In contrast, the investigations of the Tetrahymena folding pathway have 

revealed that the ribozyme requires longer time to fold in its native structure in comparison to 

the Azoarcus ribozyme. Early studies based on hydroxyl radical footprinting, base chemical 

modification and UV crosslinking experiments have shown that the P4-P6 domain can fold 

faster and at lower Mg2+ concentration than the P3-P9 domain (Downs and Cech, 1990b; 

Zarrinkar and Williamson, 1994). These results are  consistent with the previous observation 

that the P4-P6 domain can fold independently of the rest of the ribozyme (Celander and Cech, 

1991; Downs and Cech, 1990b; Murphy and Cech, 1993). By folding independently in less 

than 1 sec the P4-P6 domain has been proposed to assemble first and then to provide a 

scaffold for the assembly of the rest of the ribozyme (Zarrinkar and Williamson, 1996) but it 

is not required for the assembly of the P3-P9 domain. The folding rate of the entire ribozyme 
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has been then deduced by the use of classical biochemical experiments and has been 

determined to be above 1 min or longer (about 1-2 sec for the P4-P6 domain and 1 min or 

longer for the P3-P9 (Downs and Cech, 1990b; Zarrinkar and Williamson, 1994). 

Interestingly, variations of folding times observed for these two ribozymes and also between 

the different domains in the Tetrahymena ribozyme mainly depend on how closely the 

intermediates resemble the native structure, and thus how much the initial structures must 

reorganize before reaching the native conformation. Thereby, the Azoarcus ribozyme 

collapses to native-like intermediates that are very close to the native ribozyme. It is thus 

interesting to identify the elements involved in the rate-limiting folding step in the 

Tetrahymena ribozyme. 

 

The folding time variation between the P4-P6 and the P3-P9 domain observed in the 

Tetrahymena ribozyme is due to the presence of metastable folding intermediates. 

Interestingly, those metastable intermediates were first observed on non-denaturing 

polyacrylamide gels (Emerick and Woodson, 1994; Pan and Woodson, 1998) and slowly 

disappear with increasing temperatures, Mg2+ concentration or action of osmolytes that can 

stabilize or destabilize both the secondary and tertiary structure (Lambert and Draper, 2007). 

These observations suggest the simultaneous refolding of many different intermediates 

(Emerick and Woodson, 1994). Several studies based on hydroxyl radical footprinting, 

chemical base modifications and site-directed mutagenesis showed that the P3/P7 pseudoknot 

is replaced by a non-native base pairing (altP3), which stabilizes those populated folding 

intermediates (Figure 19). This altP3 is formed by non-native base pairing between the 3’ 

strand of P3 and J8/7. Interestingly, peripheral domains (i.e. P14, P13) stabilize altP3, 

increasing the stability and the lifetime of the misfolded conformer. Furthermore, it has been 

shown that the Tetrahymena ribozyme promotes mispairing of other helices within the pre-

rRNA, like for example the P1 helix, to form P(-1) (Woodson and Cech, 1991; Woodson, 

1992; Emerick and Woodson, 1993) (Figure 19). P-1 is  a co-transcriptionally favored hairpin 

located in the 5’-exon that prevents the formation of the active intron with P1 harboring the 

5’-splice site (Emerick and Woodson, 1993). Remarkably, the formation of P(-1) induces 

misfolding of the catalytic core and promotes the formation of altP3 (Pan and Woodson, 

1998). The formation of P-1 results in decreases of the splicing activity. Thus, altP3 and P(-1) 

must unfold before the ribozyme can have a chance to refold into its native structure (Pan et 

al., 1997; Pan and Woodson, 1998).  
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Figure 19 

Schematic secondary structure a well characterized form of misfolded Tetrahymena 

ribozyme. 

 

4.3. The flanking sequence context and the co-transcriptional folding: 

 

Group I introns and more generally ribozymes are often embedded in larger RNA 

molecules. Thus the characterization of the ribozyme’s catalytic core starts with the problem 

of delimiting the functional unit since large RNA molecules are impractical to study in vitro. 

However, flanking sequences or in other words their sequence context were shown to be 

required for efficient self-splicing activity of the ribozyme (Woodson, 1992). They were also 

shown to have a significant influence on the folding rates of the ribozyme (Woodson, 1992; 

Emerick and Woodson, 1993; Cao and Woodson, 1998). 

 

The folding of RNA helices is 2-3 orders of magnitude faster than the rate of 

transcription (Cruz and Westhof, 2009). This allows base-base recognition to take place as 

soon as the emerging strand of RNA has reached sufficient length to promote folding. 

Consequently, the folding occurs during the transcription and is dictated by the sequential 

nature of RNA synthesis. However, the sequential formation of RNA interactions during the 

transcription can bias the folding pathway and ultimately determine the functional state of a 

transcript. Furthermore, the folding pathway can also be greatly affected by the transcription 
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rate of different RNA polymerases. As an example, the T7 polymerase usually used in in vitro 

experiments elongates at 200-400 nt/sec, versus 10-35 nt/sec for the E. coli RNA polymerase 

(Uptain et al., 1997). Thus, the transcription speed can drastically affect the propensity of 

group I intron to fold properly or misfold (Heilman-Miller and Woodson, 2003; Jackson et al., 

2006). Interestingly, RNA polymerases have been shown to pause during their transcription 

process. This ability to pause during the transcription plays an important role in folding by 

avoiding the formation of undesirable structures as the nascent RNA emerges from the RNA 

polymerase. In the paused complexes, the nascent RNA forms labile structures by temporary 

sequestrating sequences involved in the formation of non-native helices and that will form the 

native structure more efficiently later in the transcription process (Wong et al., 2007). 

 

5. Group I intron looking for protein partner:  

 

 The group I introns catalytic activity relies on the ribozyme ability to reach the 3D 

structure corresponding to active conformation. A recent survey on the ability of group I 

intron to fulfil their self-splicing activity has shown a correlation between a 35% GC content 

criteria and the self-splicing activity (Vicens et al., 2008). This 35% GC content criteria is 

generally in good agreement with self-splicing efficiency reported in the literature. However, 

some group I introns have GC content lower than the 35% GC content criteria. These group I 

introns have lost their ability to fulfill their self-splicing pathway. They require the presence 

of co factor protein(s) to carry out splicing. Thus, group I introns can recruit several types of 

protein cofactors: tRNA synthetases, DNA homing endonucleases, homologs of DNA 

junction resolvases, homologs of RNA helicases and proteins with no known function 

(Lambowitz and Caprara, 1999).  

 

5.1. The co-factor protein CYT-18:  

 

 Several examples of protein cofactor recruited by group I introns to promote splicing 

are found in nature. The best studied example is the Neurospora crassa mitochondrial tyrosyl-

tRNA synthetase (mt TyrRS or CYT-18), encoded by the cyt-18 gene. in vitro experiments 

have shown that no splicing activity was detected at physiological Mg2+ concentration in the 

absence of the protein but splicing activity was detected when the purified CYT-18 protein 
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was added (Garriga and Lambowitz, 1986; Wallweber et al., 1997). Interestingly, the introns 

spliced by the help of the CYT-18 have little sequence similarity, indicating that the protein 

recognizes conserved structural features of the ribozyme (Guo and Lambowitz, 1992). By 

using RNA footprinting experiments, the protein binding mode and the ribozyme’s region 

targeted have been identified. The CYT-18 protection sites are mainly clustered in the P4-P6 

domain around the junction between P4 and P6. Additional protected sites were found in the 

region of the P3-P9 domain including P7 and P9 (Caprara et al., 1996a; Caprara et al., 2001) 

(Figure 20 B). Further experiments have  shown that CYT-18 interacts intensively with the 

stabilization domain and promotes in this way its assembly by helping to establish the correct 

geometry around the P4-P6 helical junction (Chen et al., 2000). Moreover, CYT-18 contacts 

in the same time the P3-P9 domain. By forming this interaction between the two domains, the 

protein helps stabilizing and orienting of those two domains to form the ribozyme’s active site 

(Caprara et al., 1996a; Caprara et al., 1996b). The recently solved crystal structure of the 

Twort ribozyme co-crystallized with the CYT-18 protein without the C-terminal domain is 

consistent with previous experimental observations (pdb:2RKJ at 4.5 Ǻ (Paukstelis et al., 

2008)). The structure shows that the protein binds along one face of the coaxially stacked P4-

P6 helices but it also reveals what are the protein features involved in binding the P4-P6 

domain (Figure 20 A and B). The protein particular structure creates several anchoring points 

that clamp the P4-P6 domain, mimicking P5abc extension of the Tetrahymena ribozyme, 

stabilizing the correct conformation of this domain (Paukstelis et al., 2008) (Figure 20 C and 

D). Interestingly, CYT-18 also stabilizes the junctions between the stabilization domain and 

the catalytic domain (J3/4 and J6/7) but also the L9-P5 tetraloop-receptor (Paukstelis et al., 

2008) (Figure 20 A and C). In conclusion the structure shows a unique structural adaptation of 

the protein that is related to a co-evolution of the protein in relation with the introns. By 

interacting with the folded ribozyme the protein induces stabilization of key tertiary 

interactions. In fact, the protein core has additional structural adaptations, including basic 

amino-acid substitutions relative to non-splicing bacterial TyRSs that contribute to group I 

intron binding (Paukstelis et al., 2005). However, CYT-18 protein is not the only example of 

proteins that help group I intron splicing. 
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Figure 20 

Crystal structure of the Twort orfI142-I2 group I intron bound to CYT-18 

Crystal structure of the Twort orfI142-I2 group I intron bound to CYT-18/Δ424-669 and 
comparison with the P5abc peripheral domain of the T. thermophila LSU intron. (A) Ribbon 
diagram of the CYT-18/Δ424-669 bond to the Twort ribozyme (Paukstelis et al., 2008). The 
subunits A and B are coloured in blue and orange respectively. The CYT-18/Δ424-669 
interacts mainly with the P5-P6 domain of the ribozyme but also with the P9 domain. (B) 
Schematic secondary structure of the Twort ribozyme. The (*) represents the residues 
protected by the binding of the protein. The boxed regions correspond to the phosphodiester-
backbone positions protected by the full-length CYT-18 protein in N. crassa ND1 intron 
(Caprara et al., 1996b; Caprara et al., 2001). The protections in P2, P3, P8, which are not seen 
in the crystal structure, are attributable to the C-terminal domain of the CYT-18 protein, wich 
is absent from the structure. (C) Orthogonal ribbon diagrams of CYT-18/Δ424-669 bound to 
Twort P4-P6 (in red) and P3-P9 domain (in blue). (D) The corresponding view of the T. 
thermophila LSU intron crystal structure (Guo et al., 2004), with P5abc extension in orange. 
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Previous work showed that CYT-18 could replace P5abc peripheral domain and then 
promotes the splicing at physiological Mg2+ concentration (Mohr et al., 1994). This 
comparison between the two system shows that both the CYT-18 and the P5abc bind the 
length of the P4-P6 domain with contacts at the P5, the P4-P6 junction and the distal region of 
P6 (P6a for CYT-18 and J6a/b for for P5abc), enabling them to stabilize the blackbone 
conformation on both sides of the P4-P6 junction.  
 

5.2. Other protein co-factors:  

 

 Other proteins have been found to assist group I introns splicing (Table 2). Unlike 

CYT-18, these protein splicing cofactors mainly work in concert with mitochondrial mt 

intron-encoded maturase proteins. For example, the yeast mt Leucyl-tRNA synthetase (mt 

LeuRS or Nam2), encoded by the nuclear gene Nam2, together with the intron-encoded 

maturase has been shown to assist splicing of the bI4 and aI4α group I introns of the mtDNA 

(Rho and Martinis, 2000). The bI4 intron forms a ternary complex by binding each of its 

protein splicing partners (Rho and Martinis, 2000). 

 

 The yeast bI3 group I intron is also an instructive example of an RNA that has 

become dependent on proteins to fold and function. This intron requires the binding of 6 

proteins: two dimers of the Mrs1 protein (Bassi et al., 2002; Bassi and Weeks, 2003) and the 

binding of its bI3 maturase. Each protein seems to have a special role. The Mrs1 proteins that 

mainly bind to the tetraloop receptor (Duncan and Weeks, 2010), have been shown to induce 

large conformation rearrangements in both the secondary structure and tertiary structures 

(Duncan and Weeks, 2008). The bI3 maturase that binds to the P4-P6 domain (Duncan and 

Weeks, 2010), has been shown to promote long-rang tertiary interactions (Duncan and Weeks, 

2008).  

 

 In attempting to reach catalytic activity, the aI5β group I intron is in fact the one that 

wins the gold medal regarding the diversity of required splicing factors. This group I intron 

requires at least six different proteins, including Mrs1, Pet54, Mss116, Mss18 and Suv3 (Turk 

and Caprara, 2010). However, the unusual number of required cofactors is not yet clear. 

Interestingly, studies of those group I intron protein cofactor complexes help deduce 

evolutionary models in which a functional ribozyme became dependant on proteins, 

coevolved with them and recruited multiple and maybe new proteins to maintain, enhance or 

regulate its splicing activity.  
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Table 2 

Non-exhaustive table of the co-factor proteins with their introns. 

 

5.3. The role of proteins in in vivo folding of group I introns:  

 

It has been proposed that RNA chaperones were involved in assisting RNA in 

achieving a unique native conformation by resolving non-native conformation. The 

Tetrahymena ribozyme has been shown to self-splice 10-50 times more efficiently in vivo 

than in vitro (Brehm and Cech, 1983; Zhang et al., 1995). This is mainly due to the fact that 

important features of the intracellular environment cannot reliably be reproduced in vitro. 

These are: the full flanking sequence context, vectorial folding during the transcription, the 

RNA polymerase rate and pause, the ion homeostasis and finally presence of protein-assisted 

folding.  

 

There are two classes of proteins that are not necessarily mutually exclusive 

(Herschlag, 1995; Lorsch, 2002; Schroeder et al., 2004) and help manage RNA folding: 

specific RNA binding proteins and RNA chaperones. The proteins that bind to a specific 

RNA, recognize a defined 3D structure, thereby stabilizing it through tight binding as 

previously presented with the CYT-18 study case. The second class of proteins is the RNA 

chaperones that can resolve the non-native conformations without recognizing specific 

structures or sequences. They rescue RNAs that are trapped in unproductive folding states by 
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helping the RNA to get out of the kinetic traps that are known to sprinkle the RNA folding 

pathway.  

 

For example, StpA was first isolated as a suppressor of a splicing-deficient group I 

intron mutant of the phage T4 td gene in an in vitro assay. This protein is homologous to the 

nucleoid-associated protein possessing the ability to bind bent DNA and is thought to be a 

global transcriptional regulator (Zhang et al., 1996). The influence of StpA was monitored by 

in vivo chemical structure probing (Waldsich et al., 2002a; Waldsich et al., 2002b). The 

experiments reveal that StpA enhances the accessibility of the bases participating in tertiary-

structure elements, which indicates that it loosens the intron structure (Waldsich et al., 2002a). 

In this way, StpA has a mechanism of action opposite to CYT-18 that favors the compactness 

of the tertiary structure. Thus, StpA resolves the tertiary fold of the intron, giving the 

molecule another chance to fold into the native splicing-competent structure (Waldsich et al., 

2002a). Other examples of group I intron RNA-chaperones were found. They  highlight the 

close relation between those two classes of protein. CYT-18 that binds to the P4-P6 domain, 

does not complete folding of the ribozyme, but further recruits the RNA helicase CYT-19, a 

dead-box protein, which works together with CYT-18 protein to promote the group I intron 

splicing (Mohr et al., 2002; Lorsch, 2002). More recently, the CYT-19 protein was shown to 

unfold both the native and the misfolded forms of the Tetrahymena group I intron with a 

particular preference for less stable structures lacking tertiary interactions allowing the RNAs 

to explore a wider range of conformations (Bhaskaran and Russell, 2007). 

 

6. Summary of group I intron structure and function:  

 

Group I introns have been found embedded within essential genes and in various 

organisms that range from bacteriophages to plants and fungi. Most of them have been shown 

to retain self-splicing activity. However, this self-spicing ability sometimes relies on the 

presence of protein co-factors (i.e: maturase or splicing protein co-factors) that either help the 

ribozyme to reaches its active conformation or stabilize the ribozyme in its catalytic 

conformation. Regardless of dependency the maturase or protein co-factor to perform their 

splicing reaction, the chemical mechanism is the same. The self-splicing pathway has the 

potential to render the presence of group I intron genetically neutral to the host. On the 

opposite, group I introns have been also shown to promote the formation of full-length circle 
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introns. The formation of FLC results in un-ligated exons and non-functional gene products. 

Thus, group I introns may have gained a regulatory role that can impair gene expression.  

 

In the circularization and the self-splicing pathways, the catalytic ability of the group I 

introns relies on the folding into a complex 2D and 3D structure. Thus, group I introns are 

also good model systems for folding studies, in part because they contain a well-folded and 

phylogenetically conserved core.  

 

Finally, Group I introns are not only catalytic RNAs, but also mobile genetic elements. 

The success of these introns as mobile elements relies on their self-splicing and circularization 

abilities which enable them to propagate by inserting into host genes. It also relies on the 

presence of intron-encoded homing endonuclease gene. However, group I introns and 

associated homing endonuclease genes appear to undergo an evolutionary cycle of gain and 

loss currently known as the Goddard-Burt cyclical model (Goddard and Burt, 1999b) (Figure 

21). Interestingly, some introns may escape from the cycle (Figure 21) and thus it may result 

in the acquisition of new biological functions, far beyond intron removal and intron mobility, 

selected under given evolutionary pressure (Nielsen and Johansen, 2009). The growing 

amount of deep-sequencing data may greatly influence the discovery of new complex group I 

system/organization. The diversity of the group I intron organizations can be illustrated by the 

exhaustive list of examples presented in the next section. 

 
Figure 21 

The Nielsen-Johansen group I intron “escape” routes from Goddard-Burt cycle (Nielsen 
and Johansen, 2009). 

Introns may escape from the Goddard-Burt cycle and subsequently gain a new function by 
either becoming an obligatory host-essential intron or becoming a new RNA element with 
functions different from classical self-splicing.  
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CHAPTER II: THE TWIN-RIBOZYME INTRON 
 

In this part, I describe briefly the twin-ribozyme discovery, the organization and all the 

elements that define this complex group I intron organization. I briefly describe the GIR2 

ribozyme that belongs to a classical group I intron. Then, I focus on the GIR1 ribozyme from 

the myxomycete Didymium iridis, describing its function and its secondary structure. This 

part ends with a presentation of the organism where this singularity is found and the 

processing pathways of the twin-ribozyme intron in its biological context. 

 

1. Discovery, distribution and structural organization of the twin-ribozyme intron: 

 

1.1. Discovery and distribution of the twin-ribozyme intron: 
 

Numerous group I introns were discovered and characterized from studies of nuclear 

rDNA genes in fungi. Interestingly, insertion sites of group I introns that interrupt both the 

SSU and the LSU, were shown to be phylogenetically conserved (Cannone et al., 2002; 

Jackson et al., 2002). Furthermore, group I introns remain an interesting model to understand 

the mechanisms and the pathways of horizontal gene transfer due to their widespread 

distribution among fungi rDNA genes. The screening of fungi rDNA gene with mapping of 

group I intron insertion sites in combination with group I intron phylogenetic characterization 

has led to surprising discoveries. The SSU rRNA of the myxomycete Didymium iridis was 

found to harbour one of the most complex group I intron organization (Johansen and Vogt, 

1994). This new group I intron category harbours a classical group I intron in a peripheral 

domain of which are embedded both a ribozyme and an open reading frame encoding a 

homing endonuclease. Further studies led to the definition of a twintron subgroup (or twin-

ribozyme intron). Finally this new subgroup was shown to be present in several species of 

Naegleria amoeba flagellates (Johansen and Vogt, 1994; Einvik et al., 1997; Einvik et al., 

1998a; Johansen et al., 2002; Wikmark et al., 2006) and more recently in Heterolobosea sp 

(EMBL/GenBank DQ388519 unpublished results).  

 

All natural variants of twin-ribozyme introns known today (Johansen et al., 2002; 

Wikmark et al., 2006), are inserted into conserved regions of the nuclear SSU rRNA host 
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gene. However, they present some differences in distribution and inheritance. The twin-

ribozyme introns from Naegleria species were found to be all inserted at position 516 

according to rDNA group I introns nomenclature system based on the E. coli numbering 

system (Johansen and Haugen, 2001) (Figure 22 B): the intron is coded on 3 letters 

corresponding to the organism name followed by capital letter for the small and large 

ribosome subunit and the insertion position according to the E. coli numbering. The Nae.S516 

is restricted to the Naegleria genus with a widespread but sporadic distribution that includes 

21 insertions among 70 strains analysed (Wikmark et al., 2006). In comparison with 

Nae.S516, the twin-ribozyme intron found in the myxomycete Didymium iridis was found to 

be inserted at position 916 and hence named Dir.S916. Strikingly, the Dir.S916 intron seems 

to be restricted to the Didymium iridis Panama 2 isolate.  

 

Analysis of the twin-ribozyme intron distribution among those species have 

highlighted different inheritance patterns of the intron. The Naegleria intron was gained by 

the Naegleria phylum and has been strictly vertically inherited by strains that harbour it. 

However, due to evolutionary pressure, the intron was subject to mutations and subsequently 

to deletion that might explain the loss of the twin-ribozyme intron from approximately 70% of 

Naegleria isolates (Goddard and Burt, 1999b). In D. iridis, the process of intron inheritance is 

different from Naegleria. In the Didymium phylum, the twin-ribozyme intron is unique to the 

Didymium iridis Panama 2 isolate. This argues in favour of a recent gain by horizontal 

transfer. Interestingly, Dir.S956 has been shown recently to be a mobile element both at the 

RNA level through a reverse splicing event (Birgisdottir and Johansen, 2005) and at DNA 

level due to the presence of intron-encoded homing endonuclease (Johansen et al., 1997b). 

These phylogenetic differences add to structural differences between the twin-introns from the 

two phyla that could indicate a distinct origin. 

 

1.2. Global structural organization of the twin-ribozyme intron: 
 

The twin-ribozyme intron consists of an unusual ribozyme (GIR1) and a homing 

endonuclease gene (HEG) both embedded in a peripheral domain of a self-splicing group I 

ribozyme called GIR2 (subgroup IE) (Johansen and Vogt, 1994) (Figure 22). In the case of 

Dir.S956, GIR1 is inserted in domain P2. GIR1 is directly followed by an open reading frame 

(ORF) encoding the homing endonuclease I-DirI, which is a member of the His-Cys box 
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family (Johansen et al., 1993). Moreover, a small spliceosomal intron of 51nt, situated in the 

ORF, seems to be a particular feature of I-DirI HEG. A comparison between Dir.S956 and 

Nae.S516 reveals a general conservation of twin-ribozyme intron organization. However, 

some local differences can be pinpointed. In Nae.S516, GIR1 is inserted in domain P6 of 

GIR2 which belongs to subgroup IC1 (Figure 22).  

 
Figure 22 

DNA and RNA organization of two twin-ribozyme introns. 
(A) The Didymium iridis twin-ribozyme intron (Dir.S956). (B) The Naegleria twin-ribozyme 
intron (Nae.S516). In both cases, the GIR2 ribozyme is a splicing ribozyme involved in 
processing of the pre-rRNA. GIR1 is involved in processing and release of HE mRNA. 

 

2. The DiGIR2 ribozyme from the Dir.S956 twin-ribozyme intron: 
 

The DiGIR2 ribozyme from Dir.S956 belongs to the group IE intron subgroup (Figure 

23). This subgroup is characterized by specific peripheral elements. P2 and P9 domains 

harbour characteristic IE subgroup extensions: the P2.1 domain; an elongated P9.0; P9.1 and 

P9.2 peripheral elements. Interestingly, long-range tertiary interactions between L2.1 and 

L9.2 that create P13, were also shown to take place and are exclusively conserved among IE 
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subgroup (Li and Zhang, 2005). Finally, sequence alignments of the ribozyme’s core with 

both presence of GG in J3/4 and C residue in bulge next to the universal conserved G-C base 

pair in P7 have allowed to identify the DiGIR2 ribozyme as a ribozyme belonging to the 

group IE intron subgroup without ambiguousness (Suh et al., 1999).  

 
Figure 23 

Secondary structure of the DiGIR2 group I ribozyme. 

 

DiGIR2 carries out self-splicing in vitro (Johansen and Vogt, 1994; Decatur et al., 

1995) without the help of any protein co-factor. In addition to self-splicing, DiGIR2 also 

produces circular RNAs. During in vitro processing of Dir.S956, different catalytic reactions 

catalyzed by DiGIR2 were shown to promote accumulation of intermediates, resulting in the 

circularization pathway (Johansen and Vogt, 1994; Decatur et al., 1995; Nielsen et al., 2003; 

Haugen et al., 2004a). Moreover, formation of full-length circles and circularization pathway 

products were detectable both by northern blot analysis (Vader et al., 1999; Vader et al., 

2002) and QRT-PCR (Paper IV). Finally, reverse splicing of Dir.S956 has also been 

investigated. It reveals that it only depends on the DiGIR2 splicing ribozyme (Birgisdottir and 

Johansen, 2005). Thus, all these observations show that DiGIR2 is a functional group I 
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ribozyme despite the presence of both another ribozyme and an open reading frame that are 

embedded in its P2l domain.  

 

3. The group-I-like ribozyme: GIR1 
 

3.1. The DiGIR1 reactions, the good, the bad, the ugly: 
 

In vitro studies concluded first that the DiGIR1 cleavage reaction was independent 

from added GTP. Secondly three different reactions were characterized (Figure 24 A). The 

natural reaction is the branching reaction (Figure 24 A-1) at the Branching Point (BP) (The 

good). This reaction leads to the formation of a tiny lariat cap where the first and the third 

nucleotides are joined by a 2’,5’ phosphodiester bond (Nielsen et al., 2005). The DiGIR1 

branching reaction is initiated by a nucleophilic attack involving the 2’OH of U232 (Nielsen 

et al., 2005) Figure 24 B). The chemistry of the reaction was demonstrated by deoxy-

substitutions in the substrate next to the catalytic core at positions corresponding to C230, 

A231, U232, and C233 (Figure 24 B). Two deoxy-substitutions had no impact on the 

branching reaction rates (i.e. C230 and C233). The other two deoxy-substitutions were shown 

to abolish or decrease the branching cleavage rate. First the U232 deoxy-substitution was 

found to completely inhibit the branching reaction. This implies that the 2’OH of the U232 is 

required for the branching reaction. Secondly, a strong effect of the deoxy-substitution at 

A231 was detected. It was then speculated that the A231 may have a structural role in the 

catalytic core (see Paper I and review 1).  

 

The other reactions observed in vitro are  parasitic (Figure 24 A). The reaction 

opposite to branching, referred as the ligation reaction is very efficient (Figure 24 A-2) (The 

ugly). This ligation reaction can result in the complete masking of the branching reaction in 

DiGIR1 length variants longer than 166 nucleotides upstream of the IPS (Nielsen et al., 2005; 

Nielsen et al., 2009) (see paragraph 3.2.2). Finally, DiGIR1 catalyses hydrolytic cleavage at 

the IPS site (Figure 24 A-3) (The bad). This reaction is  observed with the full length intron 

and several length variants (Johansen and Vogt, 1994; Decatur et al., 1995; Einvik et al., 

2000; Nielsen et al., 2009). This reaction is irreversible and is considered as an in vitro 

artefact resulting from a failure in the correct folding of the catalytic core. 
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Figure 24 

Reaction catalyzed by the DiGIR1 ribozyme and scheme of the branching reaction. 
(A) Reaction catalyzed by the GIR1 branching cleavage ribozyme. The main activity (1) is 
branching. However, the branching reaction is highly reversible and can even be masked by 
the ligation reaction (2). A hydrolytic cleavage reaction (3) is less pronounced and only 
observed in vitro. (4) Hypothetical reaction that has not been observed. (B) Detail of the 
branching reaction catalyzed by the GIR1 ribozyme. U232 makes a nucleophilic attack at the 
IPS site. This results in the formation of a tiny lariat cap where the first and the third 
nucleotide are joined by a 2’,5’ phosphodiester bond (Nielsen et al., 2005). 
 

Experimental studies have revealed that the three reactions can be separated. In this 

way, the branching reaction has been isolated from the reverse reaction by adding an osmolyte 

(urea) that (1) inhibits the ligation reaction and (2) decreases the contribution from the 

hydrolytic cleavage. Among GIR1s, the branching cleavage rates vary considerably (see 

chapter V supplementary results). Interestingly in DiGIR1, the flanking 5’ and 3’ sequences 

were shown to affect the rate of cleavage by branching (Nielsen et al., 2005; Nielsen et al., 

2009; Nielsen et al., 2008) (see paragraph 3.2.2).  

 

3.2. Structural organization of the GIR1 ribozyme: 
 

3.2.1. Secondary structure of the DiGIR1 ribozyme: 
 

Comparative sequence analysis of DiGIR1 and NaGIR1, together with DiGIR1 

structure probing and molecular modelling have revealed the structural organization of the 

DiGIR1 ribozyme (Einvik et al., 1998c) (Figure 25). The secondary structure was found to be 

closely related to the group I intron structure. The secondary structure can be divided, like in 

the classical group I intron, into three different helical domains: P10-P15 (substrate domain), 

P4-P6 (stabilization domain) and P3-P9 (catalytic domain). Moreover, parallel structure 

probing of Naegleria andersoni (NaeGIR1) ribozyme have corroborated the overall global 

base-pairing scheme (Jabri et al., 1997). Despite the fact that the secondary structure was 
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found to be closely related to group I intron secondary structure, GIR1 presents some specific 

structural characteristics that define it as a distinct class of self-cleaving ribozyme (the group-

I-like ribozyme). In this way, most notable features are: (1) the lack of P1; (2) the lack of the 

J8/7 junction; (3) the presence of a novel P3/P15 pseudoknot; (4) the presence of the three-

way junction between P3, P8 and P15; (5) the presence of two new junctions J15/7 and J9/10 

and finally (6) the unusual structure of J4/5 (Figure 25 part highlighted in yellow). Although 

the secondary structures of GIR1 and group I introns are closely related, the differences 

should impact the topology and resulting 3D structure. Moreover, the specificities of the GIR1 

secondary structure may be responsible for the branching reaction. Thus, by taking advantage 

of recent group I intron crystal structures in combination with the recent finding of the GIR1 

branching activity of this ribozyme, the 3D structure of the DiGIR1 ribozyme has been re-

modelled and gave new insight into both structure requirements for the branching reaction and 

evolution of group I like ribozymes (see Paper I and review 1).  

 

 
Figure 25 

Secondary structure diagram of the DiGIR1 ribozyme 

Secondary structure diagram of the DiGIR1 ribozyme according to (Einvik et al., 1998c). The 
regions highlighted in yellow are the 2D structure parts that differ from the classical group I 
intron secondary structure.  
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3.2.2. Role of the flanking sequences/peripheral domains: 
 

From a biochemical point of view, characterization of a ribozyme often starts by 

delimitating the functional unit. In the case of twin-ribozyme introns, it comes down to define 

which RNA elements enter in the structure of DiGIR2, DiGIR1 and finally of the HEG 

messenger. However, according to the twin-ribozyme intron secondary structure (Figure 22), 

the way to isolate DiGIR1 from the other two components DiGIR2 and HEG seems 

straightforward. In this way and in order to define the minimal version of DiGIR1, linker 

regions between DiGIR1, DiGIR2 and HEG were shortened down by deletion. Different 

DiGIR1 length variants were constructed and named according to the number of nucleotides 

upstream and downstream the IPS. As an example, DiGIR1 157.22 length variant represents 

157 nt located upstream and 22 nt downstream the IPS, respectively (Figure 26 A). Strikingly, 

some length variants were shown to fully reflect the full-length DiGIR1 cassette (i.e. 166.65 

or 162.65) (Einvik et al., 2000). Some other length variants were shown to fully reflect the 

natural cleavage branching reaction (i.e. 157.22) while other length variants were shown to 

have a strong ligation activity masking the branching reaction under standard conditions (i.e 

166.22) (Nielsen et al., 2005; Nielsen et al., 2009). 

 

Two structural elements outside the GIR1 catalytic core were identified as being 

essential for branching (Figure 26 A). They form the so-called P2P2.1 peripheral domain. 

Interestingly, the P2.1 hairpin was shown to be critical for ribozyme catalysis. Mutations that 

destabilize P2.1 hairpin as well as hairpin shortening strongly affect catalytic activity while 

mutations in the L2.1 loop do not (Einvik et al., 2000). These observations indicate that the 

hairpin structure and length are important rather than individual bases in the loop.  In the same 

line of evidence, the P2 has also been shown to be required for the ribozyme catalytic activity. 

Destabilization or shortening of P2 domain completely inhibits the ribozyme (i.e. shortest 

length variant for the branching activity: 157.22) (Einvik et al., 2000; Nielsen et al., 2005) 

(Figure 26 B).  
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Figure 26 

Secondary structure with the P2P2.1 domain. 
Secondary structure with the P2P2.1 domain and schematic representation of various length 
variants. (A) Secondary structure of DiGIR1 according to (Einvik et al., 1998c), harbouring 
P2P2.1 peripheral domain. Different grey and black arrows represent 5’ and 3’ end length 
variants, respectively. (B) Linear representation of DiGIR1 with the paired region P2 and 
P2.1. The different 3’end length variants created during the deletion studies are also 
represented with their name.  
 

DiGIR1 P2P2.1 peripheral domain has been shown to be necessary for ribozyme 

activity. In vitro and in vivo studies of DiGIR1post-cleavage product have highlighted the 
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presence of a particular stem loop structure named HEG P1 located in the HE mRNA 5’ UTR 

(Vader et al., 1999; Einvik et al., 2000). Furthermore, HEG P1 was recently shown to be 

involved in release mechanism of the HE mRNA from the ribozyme core (Nielsen et al., 

2008; Nielsen et al., 2009) (see Paper II: interaction between L9 and an 11 nt receptor in 

HEG P1). Based on the observation that HEG P1 seems to be a stable stem loop structure, in 

silico predictions were carried out. Interestingly, it has been found that an alternative 

structure, containing the HEG P1 stem loop, can be formed when the 3‘ strand of P2 is longer 

than 46 nt (Figure 27). Whether this alternative structure can form in vitro or in vivo needs to 

be addressed as well as the role of this alternative structure. 

 

In this way, the P2P2.1 peripheral domain and HEG P1 stem loop structure were 

recently demonstrated to play an important role in the ribozyme activity regulation (Figure 

27) (see Paper III). It has been proposed that P2P2.1 folding activates the ribozyme, whereas 

the HEG P1 stem loop promotes destabilization of the catalytic core of the ribozyme by 

sequestering the 3’ strands of both the P10 and P2 domains, (Figure 27) (see Paper III). In 

other words, the formation of HEG P1 turns “off” the ribozyme. Thus, the P2P2.1 domain, 

that is the DiGIR1 regulatory domain, has the potential to act as a conformational switch 

turning the ribozyme activity “on” and “off” (see Paper III). 

 

 
Figure 27 

Representation of alternative conformations of the ribozyme’s 3’end. 
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3.2.3. Similarities and differences between DiGIR1 and NaGIR1: 
 

GIR1s were previously found in 21 among 70 Naegleria species according to 

(Wikmark et al., 2006). They  present strong conservation of secondary structural features but 

also some differences between themselves and also in comparison with the DiGIR1 ribozyme 

(Figure 28) (Wikmark et al., 2006). In a recent survey, NaGIR1s were shown to promote 

branching at different rates in vitro (see Chapter V: Tang Y. unpublished result: Screening 

and characterization of GIR1 ribozymes from Naegleria genus). However, some structural 

features are universally conserved among GIR1 ribozymes (Figure 28 A). The unique 

catalytic core organization containing the P15 pseudoknot in combination with the three-way 

junction between the P3/P15 pseudoknot and P8, is  uniformly conserved even at the sequence 

level (Figure 28 A). Interestingly, J3/4 or J9/10 are conserved at the nucleotide level. Finally, 

the sequence of P10 domain which consists of 6 bp including the G•U base pair at the IPS2 

site, is uniformly conserved.  

 

The comparison between secondary structures of various NaGIR1s and DiGIR1 also 

reveals some prominent differences within the ribozyme core. Those differences span all three 

domains. The L9 GAAA tetraloop that was shown to be important in the DiGIR1 release 

mechanism (see Paper II) is not present in NaGIR1s. They instead harbour a 7 to 11 nt loop 

(Figure 28 B). Stem P6 is at least 4 bp longer in NaGIR1s than in DiGIR1. More strikingly, 

the junction between P4 and P5 segments is a very variable part in both sequence and 

structure (Figure 28 B). In DiGIR1, the J5/4 four nucleotides junction was shown to play a 

key role in the recognition and stabilization of the P10 G•U base pair (see Paper I). In 

NaGIR1s, this junction is  replaced by either an internal loop or insertion of helical segments. 

This can be illustrated by NclGIR1 that harbours an 11 nt single stranded J5/4 whereas some 

others NaGIR1s harbour a variable 3-6 bp or P5a stem insertion (Nca/Nit/Ngr/NloGIR1) 

(Figure 28 B). Finally, domains outside the catalytic core that were shown to be required for 

DiGIR1 branching activity and regulation are also different in NaGIR1s. DiGIR1 P2P2.1 

domain is absent in the NaGIR1s. It has been replaced by a different P2 domain and a variable 

internal loop J2/10 (Figure 28). However, the P2 structure is poorly supported by comparative 

sequence analysis (Chapter V unpublished results). The J2/10 is an apparently unstructured 

variable internal loop as deduced from structure probing data (Jabri et al., 1997; Johansen et 

al., 2002).  
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Figure 28 

Secondary structure diagrams of the Naegleria GIR1 and similarities between DiGIR1 
and NaGIR1. 

(A) DiGIR1 and NanGIR1s consensus sequences. Nucleotide positions that are identical in 
pairwise comparisons are shown. Filled circles: non identical position; open circles, identical 
positions in some Naegleria sequences (from (Johansen et al., 2002)). (B) Secondary structure 
diagram of Naegleria andersoni GIR1. The secondary structure is drawn according to DiGIR1 
secondary structure presented previously (Figure 25). Compensatory changes proposed in P2 
among the various species are noted. The observed sequence variations in both the L9 loop 
and J5/4 junction are also represented in the box. (Nan: N. andersoni; Nja: N. jamiesoni; Nit: 
N. italica; Ngr: N. gruberi; Ncl: N. Clarki; Nca: N. Carteri; Nlo: N. lovaniensis) (from 
(Johansen et al., 2002)). 
 

DiGIR1 has been intensively studied. Results obtained by mutation experiments and 

structure probing have revealed the ribozyme secondary structure. The recent understanding 

of the natural branching reaction in combination with previous structure probing and mutation 

experiments have led to suggest in of a new molecular model of the DiGIR1 ribozyme that 

supports the branching reaction (see Paper I). Flanking sequences were also shown to play a 

key role in both the ribozyme ability to perform its reaction (Einvik et al., 2000; Nielsen et al., 

2005) and in the release of the product away from the core (Nielsen et al., 2009) (see Paper 

II). More recently, we have proposed that DiGIR1 P2P2.1 domain acts as a regulatory 

domain; adopting two mutual exclusive structures turning the ribozyme activity “on” and 

“off” (see Paper III). Thus, the knowledge accumulated on DiGIR1 allows us to better 

understand not only the structural requirements for the branching reaction but also its control. 

However, as presented previously, NaGIR1s show prominent differences with DiGIR1. Thus, 

these observations give rise to several questions about the NaGIR1s folding, the structure of 

the catalytic core, the role of peripheral domains and finally, the regulation. Given the fact 
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that first, P2.1 is not found in Naegleria, second, that domain P2 is slightly different from the 

counterpart in DiGIR1 P2 domain and third, that there is no such alternative structure 

predicted to disturb the catalytic core, then how is NaGIR1 branching activity regulated? In 

the same way, since the length of flanking sequences and sequence context (i.e.: formation of 

the P2 domain) were shown to be important in the DiGIR1 branching reaction, thereby is 

there a parallel that can be drawn with the NaGIR1? Finally, what is the impact of the 

sequence/domain insertions (i.e. J5/4) on NaGIR1 structure? (see Chapter V) 

 

3.3. A complex rRNA processing pathway in the myxomycete Didymium iridis: 
 

As mentioned previously, twin-ribozyme introns are found in the nuclear SSU rRNA 

gene of the myxomycete Didymium iridis and several Naegleria strains. Due to the presence 

of a cleavage ribozyme in the middle of a group I ribozyme, the rRNA processing is thereby 

more complex than the rRNA processing in the case of classical group I introns. Before 

starting describing the various points that characterize the rRNA processing in the D. iridis, 

let me digress for a moment by introducing the organism in which the twin-ribozyme intron is 

found.  

 

3.3.1. The myxomycete Didymium iridis life cycle: 
 

The myxomycete Didymium iridis is a phagotroph, living on the forest floor and 

feeding mainly on soil bacteria. D. iridis has, like other slime moulds, a complicated life cycle 

which mainly depends on environmental conditions. The life cycle can be roughly divided 

into a microscopic haploid stage and a macroscopic diploid stage (Figure 29). The diploid 

stage is initiated by sexual fusion of two haploid cells. The fusion generates a giant cell, the 

plasmodium. Interestingly the plasmodium grows into a large cell (diameter range is about 

one cm or more) which contains more than 108 synchronouzed dividing diploid nuclei in a 

common cytoplasm. This plasmodium then differentiates and undergoes meiosis to create a 

large number of haploid spores. The spores are then released and spread by the wind. If the 

spores land in a favourable environment they will germinate and produce subsequent haploid 

flagellate or amoeba cells. Then the haploid cells populate their new habitat by vegetative 

reproduction (Einvik et al., 1998a).  

 



Chapter II: Twin-ribozyme Intron
 

 
 61

During the vegetative haploid state the myxomycetes can differentiate in three haploid 

forms that can be easily recognized: amoeba, flagellate and microcyst (Figure 29). 

Interestingly all three forms are interchangeable and mainly depend on the environmental 

condition. As an example, if the environment is aqueous the slime mould will carry flagella in 

order to “swim” but if the surroundings are drier it will become amoeba. However it happens 

that the environmental conditions become unsuitable to sustain basic amoeba/flagellate forms. 

Then both forms can differentiate into a hard-shelled highly resistant microcyst waiting for 

favourable conditions to excyst (Figure 29) (Einvik et al., 1998a).  

 

 
Figure 29 

Life cycle of the myxomycete Didymium iridis 

The myxomycete life cycle alternates between a haploid macroscopic stage (top part) and a 
diploid macroscopic stage (bottom part). Step 1: sexual fusion of amoeba or flagellates 
carrying different mating-type alleles (black and white nucleus). Step 2: development of the 
zygote into a multinucleate plasmodium. Step 3: irreversible development into sporangia. Step 
4: production of haploid spores by meiosis. Spores are released and from them new cells will 
germinate. Step 5: from the germination of spores, new haploid cells grow as flagellates, 
amoebae. Depending on environmental growing conditions, flagellate or amoebae forms can 
differentiate into resting microcyst cells waiting for right environmental conditions to 
differentiate into the other forms (step 6). 
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3.3.2. rRNA processing pathway in the biological context: 
 

From a combination of in vitro studies and in vivo observations, three different 

processing pathways of the Dir.S956 intron were mapped according to cellular conditions 

(i.e.: only in the haploid life stage of the myxomycete previously exposed).  

 

The first pathway relies on DiGIR2 self-splicing activity (Figure 30). During 

exponential cell growth (i.e.: flagellate/amoeba forms), DiGIR2 catalyses its own excision 

from the primary transcript, resulting in ligation of exons and free standing intronic part. 

Subsequently, DiGIR1 cleaves and releases the HE mRNA (Vader et al., 1999) with a lariat 

cap in place of the conventional m7G cap. The HE mRNA 3’end is then formed by cleavage at 

a site referred to as IPS3. Following that, the mRNA is polyadenylated at a polyA signal. The 

short spliceosomal intron (I51) is then spliced out and the mature mRNA is exported to the 

cytoplasm (Vader et al., 1999). It is worth to note that DiGIR1 requires completion of the 

DiGIR2 self-splicing pathway before the branching reaction can occur. Thus, the branching 

activity of the DiGIR1 ribozyme is regulated in vivo.  

 

The second pathway results in the formation of full-length circle (FLC) introns and 

un-ligated exons (Nielsen et al., 2003). This pathway relies only on DiGIR2 ability to produce 

FLC as previously presented in Chapter I and Chapter II. In this pathway, DiGIR1 is not 

active and the circle re-opening seems to be required for its activation. Interestingly, this 

circularization pathway is responsive to cellular conditions (see Paper IV). 

 

Finally, the third pathway is induced by starvation-induced encystment (Vader et al., 

2002). During encystment, the pre-rRNA is processed into a 7.5 kb RNA product that 

accumulates within the cell. Interestingly, the processing is accomplished by DiGIR1 without 

prior DiGIR2 activity (Vader et al., 2002). This pathway results in rRNA production 

regulation by down-regulating the rRNA expression. Although the biological function of the 

7.5 kb RNA is unknown, it has been speculated that it can be stored as a precursor that will 

allow fast expression of the HE when conditions favourable for rRNA expression will be 

restored (Nielsen et al., 2008).  
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Figure 30 
The three different processing pathways of the twin-ribozyme intron. 
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CHAPTER III: SUMMARY OF ARTICLES 
 

Paper I: B. Beckert, H. Nielsen, C. Einvik, S.D. Johansen, E. Westhof, B. Masquida 

(2008). “Molecular modelling of the GIR1 branching ribozyme gives new insight into 

evolution of structurally related ribozymes”. EMBO J. 

 

In this study, we have rationalized the detailed structural and functional analysis of the 

DiGIR1 ribozyme into a new three-dimensional model. As previously presented, the Dir.S916 

twin-ribozyme intron from the myxomycete D. iridis is composed of a branching ribozyme 

(DiGIR1) followed by a homing endonuclease (HE) encoding sequence. Both of them are 

embedded in a peripheral domain of a group I splicing ribozyme (DiGIR2). DiGIR1, by a 

unique catalytic reaction, catalyzes the formation of a tiny lariat with a 3 nt loop, which caps 

the HE mRNA. Interestingly DiGIR1, even with its unusual small size mainly due to the lack 

of large peripheral extension often found in group I ribozymes, is structurally related to group 

I ribozymes and more specifically to the IC3 eubacterial subgroup. Structure probing and 

phylogenetic studies have  revealed the lack of a P1 segment playing the role of the substrate 

and conserved in all other known group I ribozymes. However, a P10 base paired segment as 

well as a novel pseudoknot P3/P15 were proposed to take place in the core region. Thus, these 

particular observations raise the question of why GIR1 carries out a branching reaction 

despite its resemblance with group I ribozyme. 

 

In order to understand the structural requirements for the branching activity of 

DiGIR1, the ribozyme core was modelled. This was done by taking into account (1) structural 

probing data in combination with new mutagenesis data and (2) the recent crystal structure of 

the Azoarcus group I ribozyme. The three-dimensional model presented in this article 

highlights the similarities between DiGIR1 and the Azoarcus group I splicing ribozyme. In 

this way, the highly compact DiGIR1 structure resembles the core of the group I splicing-

ribozyme. The P4-P6 and P3-P9 domain are oriented as two juxtaposed, elongated, coaxially 

stacked helixes. This helical arrangement is roughly similar to that of the Azoarcus structure. 

Interestingly, the P10 base-paired region and the extended P15 suggested pseudoknot were 

proposed to be positioned in the cleft like it is the case in group I introns with P1/P2.  
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The comparison between DiGIR1 and the Azoarcus ribozyme also reveals some 

differences that span the DiGIR1 ribozyme core model in all three domains. The first of them 

is the extended P10 substrate domain containing a G•U pair distinct from the nucleophilic 

residue that docks onto the catalytic core in classical group I ribozyme. It has been proposed 

that the group I intron conserved J8/7 junction was reduced in DiGIR1 to 3 nt due to its fusion 

with nucleotides of the previous P2 3’strand, thus forming the characteristic P15 helix. The 

new junction J15/7 composed from remaining J8/7 nucleotides is complemented by residues 

from the new J9/10 junction that docks in the catalytic core forming a pre-lariat fold. Fourth, 

the J4/5 conserved from the classical group I intron has been replaced by the J5/4 junction 

which  recognized the substrate domain. Finally, J15/3 organizes the three-way junction 

between P15, P3 and P8 resulting in a side-by-side parallel orientation of P3-P9 to P10-P15 

domain, which mimics the relative orientation of P1/P2 against the P3-P9 domain found in the 

Azoarcus ribozyme. These differences in the catalytic core organization result in acquisition 

of a new reaction mechanism that is the branching activity of DiGIR1, rather than sequential 

hydrolytic cleavage as it was previously suggested.  

 

Review: H. Nielsen, B. Beckert, B. Masquida and S. D. Johansen (2008). “The GIR1 

branching ribozyme”. In Ribozymes and RNA catalysis, Lilley DMJ and Eckstein F, eds. 

(London: The Royal Society of Chemistry), pp. 229-252. 

 

In this book chapter, we describe the GIR1 ribozyme, focussing on GIR1 from the 

myxomycete D. iridis. The different features that characterize this ribozyme are described in 

detail from the biochemical to the structural point of view.  

 

Paper II: Á. B. Birgisdottir, H. Nielsen, B. Beckert, B. Masquida, S. D. Johansen (2010). 

“Intermolecular interaction between a branching ribozyme and associated homing 

endonuclease mRNA”. Submitted to Biological Chemistry. 

 

The DiGIR1 ribozyme promotes the maturation of its associated homing endonuclease 

mRNA by a unique branching reaction that leads to the formation of a tiny 3-nt lariat cap. 

Upon its release, the 5’ end of the mRNA has been shown to form an alternative stem-loop 

structure termed HEG P1. In this study, we have focused on the release mechanism of the 

mRNA messenger from DiGIR1 after the branching reaction. Interestingly, the release 

mechanism involves an intermolecular interaction between the L9 GAAA tetraloop of the 



Chapter III: Summary of papers 
 

 
 66

DiGIR1 ribozyme and a GNRA tetraloop receptor-like motif found in the HEG P1 stem-loop 

structure.  

 

In order to better understand and characterize the intermolecular interaction between 

the L9 tetraloop and its receptor-like motif within the HEG P1 stem-loop structure, 

bimolecular gel-shift assays based on a composite Tetrahymena ribozyme have been 

performed. The in vitro association between L9 and the HEG-P1 receptor-like motif has been 

also characterized by secondary structure probing in concert with molecular modelling.  

 

As a result, a new 11 motif receptor (UCUAAG-CAAGA) has been characterized and 

represents a new and specific GAAA tetraloop-receptor in RNA-RNA interaction. 

Interestingly, this interaction taking place between the cleaved mRNA product and the 

ribozyme has revealed its biological role which seems to promote the post-cleavage release of 

the lariat-capped mRNA. Thus, the receptor in HEG P1 adapts to the position of P9 and the 

L9 loop pulls the lariat out of the catalytic pocket and thereby contributes to the release of the 

mRNA. This finding adds to our general understanding of how protein-coding genes 

embedded in group I introns can be expressed and also controlled by ribozymes.  

 

Paper III: B. Beckert, M. Marquardt Hedegaard, B. Masquida, H. Nielsen (2010). 

”Identification of an on/off switch in the DiGIR1 ribozyme” (manuscript)  

 

Group I ribozymes by their self-splicing ability are involved in internal reorganization 

of RNA molecules, by catalyzing their own removal from transcript precursors and promoting 

the ligation of the two exons. For these ribozymes and due to their particular localization in 

rRNA, timing of folding and thus catalysis is of particular importance because it affects 

dramatically the function of the molecule within which they reside. Interestingly, group I 

ribozymes have been found to rapidly fold in their active conformation. Thus, DiGIR1 is in 

this way particularly interesting mainly due to (1) its characteristic cleavage branching 

activity; (2) its particular location within a peripheral domain of the DiGIR2 ribozyme that is 

inserted in the rRNA SSU and (3) because its structure has been shown to be closely related to 

group I introns. Consequently, harbouring this cleavage branching ribozyme may have some 

consequences on rRNA processing. Thus, the formation of SSU rRNA depends on the ability 

to keep GIR1 inactive until splicing and exon ligation has taken place. Therefore, the 

ribozyme has to fold initially into an inactive conformation to avoid untimely cleavage of the 
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ribosomal RNA precursor. It has been proposed that the peripheral domain of DiGIR1 (the 

P2P2.1 domain) may act as a regulatory domain. In the inactive conformation, part of the 

regulatory domain has been hypothesized to adopt a stem-loop structure (HEG P1) that 

prevents the formation of a stable active site. Conversely, in the active conformation, HEG P1 

is replaced by helices (P2 and P10) that may allow the organization of a three-way junction 

(P2-P2.1-P10). 

 

In order to investigate the inactive and active conformations, as well as the folding of 

the DiGIR1 ribozyme, a combination of non denaturing polyacrylamide gel electrophoresis of 

various DiGIR1 length variants (WT and mutant as well) and twin-intron ribozyme chemical 

and enzymatic probing have been used. Finally, the conformation of the P2 P2.1 P10 three-

way junction conferring activity to DiGIR1 has been deduced by combining biochemical data 

with structure modelling and theoretical accessibility calculations from the previously 

modelled DiGIR1 ribozyme core.  

 

As a result, native gel analysis has revealed that folding of the DiGIR1 ribozyme was 

intrinsically linked to both the Mg2+ concentration and the 3’ length end variant extension. 

Interestingly, the global picture araising from native gel assays is that folding of the DiGIR1 

ribozyme in vitro is a partitioning between two alternative conformations mediated by 

formation of a hairpin at the 3´end of the ribozyme (HEG P1). The inactive conformation has 

been  found to be favoured at low Mg2+ concentration and even co-exists with the active 

conformation at physiological and higher Mg2+ concentrations. Interestingly, structure 

probing has revealed the presence of the inactive conformation characterized by the presence 

of the HEG P1 stem-loop structure concomitantly with the high accessibility of all internal 

key junctions. Finally, the active conformation of DiGIR1 has been deduced by a combination 

of structure probing and structure modelling strategy. Fe-EDTA structure probing of DiGIR1 

has made it possible to monitor the melting of the HEG P1 stem loop structure and the 

P2P2.1P10 three-way junction folding. This results in the docking of P2.1 onto the core. 

Consequently, the key junctions are protected. As a summary, the regulatory domain acts as 

an on/off switch that orchestrates the activities of the branching and splicing ribozymes in the 

twin-ribozyme intron in several different processing pathways and thus regulates the interplay 

between the intron and the host. Thus, P2 formation imposes architectural constraints on P2 

P2.1 P10 3-way junction that lead to conformation triggering activity.  
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Paper IV: K. L. Andersen, B. Beckert, B. Masquida, M. Andreassen, S. D. Johansen , H. 

Nielsen (2010). ”Accumulation of stable full-length circular group I introns during heat-

shock”. RNA submitted, accepted upon revision. 

 

The DiGIR2 splicing ribozyme, found in the twin-ribozyme intron organization, 

belongs to subgroup IE of group I introns. Furthermore, it has been characterized to possess a 

strong circularization pathway that can be favoured by playing on three different parameters: 

the concentration of the guanosine cofactor, the deletion of peripheral elements and the 

antisense oligonucleotides targeting the 3’ end of the intron. In this study, we have focused on 

the ability of DiGIR2 group I intron to form full-length circle (FLC) via its circularization 

pathway. Both the structure of FLC and its linear counterpart (linear intron LIVS) and in vivo 

conditions that may result in up-regulating the circularization pathway in the cell have been 

investigated.  

 

In this paper, we have first investigated the copy number of FLC present in the 

myxomycete D. iridis under different growth conditions (normal, heat-shock and cold-shock 

conditions). During this first part, qRT-PCR has been used to determine the copy number of 

FLC in the cell. Interestingly, FLC nucleolar or cytosolic localization has also been 

investigated. We have then focused on the structure of both FLC resulting from the 

circularization pathway and LIVS intron resulting from the self-splicing pathway. By using 

enzymatic and chemical structure probing method, the secondary structures of both LIVS and 

FLC have been deduced. Finally, structure probing results of these two different forms have 

been rationalized in two detailed three-dimensional molecular models.  

 

As a result, FLCs have been found to be predominantly, if not exclusively, nuclear 

with approximately 70 copies/cell during exponential growth. Interestingly, external factors 

(i.e. cellular stress by heat shock) have been shown to up-regulate the formation of FLC with 

more than 500 copies/cell. These results support the notion that circular form of group I 

introns is a biologically relevant molecule. Interestingly, we can assume from these results 

that FLC may be instrumental in group I intron mobility. Comparison of the FLC and LIVS 

structure probing data in combination with their respective structural model highlights the 

structural differences found within the catalytic core. Remarkably, theses differences have 

been found to be mainly clustered both next to the active site (P7) and in joining segments 

(J6/7, J8/7, J5/4). These results emphasize that a large proportion of FLC molecules harbour a 
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relaxed active site with a disassembled G-binding pocket. Moreover, the FLC P1-P2 domain 

is structurally perturbed. The circularized junction together with P1 show high accessibilities 

with an internal guide sequence exposed to the solvent. These FLC structural characteristics 

observed by both structure probing and by modelling are consistent with group I intron 

mobility and the potential ability of circular intron to reverse integrate into their cognate 

insertion site. Finally, the molecular model suggestes that the P9 extension could play a role 

in promoting circularization. In this way, by providing alternative stabilization of P7, the P9 

domain seems to orchestrate the balance between splicing and circularization. 
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REVIEW I: 
 

The GIR1 branching ribozyme. 

 

H. Nielsen, B. Beckert, B. Masquida and S. D. Johansen. 

 

 In Ribozymes and RNA catalysis, Lilley DMJ and Eckstein F, eds. (London: The Royal 

Society of Chemistry), pp. 229-252. 
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CHAPTER V: SUPPLEMENTARY RESULTS 
 

Studies done onto the DiGIR1 ribozyme have permitted to characterize its branching 

reaction, its secondary structure, its folding and regulation mechanism. Nevertheless, DiGIR1 

is not only found in the myxomycete Dydimium iridis. Several GIR1s have been isolated from 

several Strains of Naegleria (hence named NaGIR1). As previously presented in chapter II, 

DiGIR1 and NaGIR1s present some prominent conservation of secondary structural features. 

Interestingly, NaGIR1s also show some differences with DiGIR1 and also between 

themselves. Thereby, in this chapter, a recent survey done on the NaGIR1s is presented. This 

work provides a new picture of NaGIR1 structural elements required for the branching 

reaction and the regulation mechanism involved in NaGIR1s. Finally, the screening for new 

natural GIR1 variants, retaining the branching activity, but also selected for their kinetic and 

folding properties, can be useful candidates for crystallization trials.  

 

1. The GIR1 ribozymes from Naegleria: 
 

1.1. Comparative analysis of Naegleria specific domain insertions/deletions:  
 

Previous sequence analysis of rDNA from 70 rDNA isolates of Naegleria led to the 

observation that the Nae.S516 twin-ribozyme intron was conserved in 21 of the 70 strains 

(Wikmark et al., 2006). This study concluded to a vertical inheritance of the Nae.S516 intron 

within the Naegleria phylum (Wikmark et al., 2006). More recently, a new sequence 

alignment between DiGIR1 and NaGIR1s has been provided (Y. Tang and S. D. Johansen 

unpublished results). In the light of recent findings that have characterized the structural 

features required for DiGIR1 branching reaction, this new sequence comparison may give 

new clues to how the NaGIR1s can perform and regulate their activity. 

 

The sequence comparison between NaGIR1 and DiGIR1 underlines some 

conservation of secondary structural features within the core of the ribozyme. It also 

highlights the insertion and/or deletion of domains (Figure 31). The insertions have been 

pointed out to be mainly localized in few positions: the L9 loop, the P6 stem and J5/4 

junction. Interestingly, two of these insertion positions (the L9 loop and the J5/4) have been 

found to be critical for DiGIR1 activity. As previously demonstrated in paper II, the DiGIR1 
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L9 tetraloop has been shown to be involved in the release mechanism of the homing 

endonuclease mRNA after the branching reaction. Concerning the J5/4 insertion, molecular 

modelling of DiGIR1 together with mutagenesis data (paper I and review 1) have revealed 

the importance of this junction in the recognition of the G•U substrate domain. Interestingly 

in the NaGIR1 ribozymes, this junction is one of the most variable parts (Figure 31). It 

harbours either an internal loop or insertions of helical segments (see Chapter II).  

 

The NaGIR1 peripheral domain P2 also does not show any similarity with the DiGIR1 

peripheral domain P2/P2.1 (Figure 31). The DiGIR1 P2/P2.1 domain has been shown to 

regulate catalysis by adopting two mutually exclusive alternative conformations (HEG P1 

stem-loop structure or P2 domain). Thus, the peripheral domain acts as an on/off switch that 

orchestrates the branching reaction of the ribozyme (paper III). In the case of NaGIR1, the 

peripheral domain is composed of the P2 domain poorly supported by comparative sequence 

analysis and a J2/10 internal loop which seems to be apparently unstructured (Jabri et al., 

1997; Jabri and Cech, 1998). 

 

Thus, the differences observed between the NaGIR1 and the DiGIR1 raise several 

questions: Do the various NaGIR1s still retain their branching catalytic activity? What is their 

current rate of cleavage in comparison with DiGIR1 ribozyme? Is there an impact of the 

flanking sequence length on the catalytic activity of the NaGIR1 ribozymes? Do these 

ribozymes adopt 3D structures similar to DiGIR1 despite their rather large extensions in J5/4 

and P6? To answer these questions, an original overview of the Naegleria GIR1 phylogenetic 

distribution based on the sequence alignment is provided (Figure 32). From this, NaGIR1s 

representative of each clade are selected and assayed for the branching activity. Then, a best 

ribozyme candidate is selected for further characterization. This candidate is further used to 

carry out folding studies and mutational analysis in order to better understand the role of the 

flanking sequences on catalysis regulation. Finally, general conclusions will be drawn from 

these experimental results. 
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Figure 31 
Sequence alignment of NaGIR1s and DiGIR1 
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1.2. Screening for branching activity in NaGR1s and selection of the NprGIR1: 
 

Sequence analysis of GIR1 core region from 29 natural isolates of Naegleria, was 

performed to gain insight into the genetic relationship among the various strains. From this 

sequence analysis, a phylogenetic tree, based on the Neighbour Joining method, has been built 

(see Figure 32, Y. Tang S. D. Johansen, H. Nielsen; unpublished results). The NaGIR1 

ribozymes appear to form 6 clusters. Cluster 1 is the most populated with 10 of the 29 strains. 

Close inspection of the other clusters reveals that they are mainly defined by the sequence 

insertion in J5/4 (Figure 31).  

 
Figure 32 

Phylogenetic tree of the natural occurring NaGIR1 ribozymes. 

The phylogenetic tree has been built based on NaGIR1s sequence alignment and the NJ 
method. Interestingly, the NaGIR1s form 6 main clusters (cluster 1-6 in blue). 11 NaGIR1s 
(red dot) were selected based on the phylogenetic relationship and distribution. (Y. Tang S. D. 
Johansen, H. Nielsen; unpublished results) 

 

According to their phylogenetic distribution (Figure 32), eleven NaGIR1s have been 

selected to determine their cleavage reaction catalytic rates and their ability to perform the 

branching reaction. However, it has been previously shown that the branching activity of 

DiGIR1 was dependent on the length of the flanking sequences (i.e. 157.22 is the DiGIR1 

smallest length variant that retains the branching activity (Nielsen et al., 2005)). Based on this 
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observation, the length of the flanking sequences in the NaGIR1s may also have an impact on 

branching. Thereby, preliminary studies done on the Naegleria andersoni A2 (NanGIR1) have 

revealed that the minimal length variant required for the branching reaction was 178.28 (i.e. 

28 nt after the IPS; Nielsen unpublished result). In this way and in order to compare the 11 

different NaGIR1s between each other, all the NaGIR1 clones were constructed according to 

the NanGIR1 studies all harbouring +28 nucleotides after the IPS in their 3’ flanking 

sequence. 

 

Time-course cleavage reaction experiments of the 11 smallest length variant based on 

the NanGIR1 studies were then carried out. From these experiments, the various NaGIR1s 

have been classified according to their cleavage rates (Figure 33 A). Thus, it leads to the 

observation that the Naegleria pringsheimi (NprGIR1) GIR1 variant cleaves with the highest 

rate (Figure 33 A). However kinetic analysis does not allow to determine whether the 

ribozymes cleave by hydrolysis or by branching. Further primer extensions were thus 

performed (Figure 33 B).  

 

Primer extension analysis allows to map and to quantify the 5’end of RNA. The lariat 

is detected by a premature elongation stop corresponding to the branch point (BP). This 

method discriminates cleavage by branching from cleavage by hydrolysis that results in a 

longer primer extension product due to reverse transcription up to the IPS (+3 nt) (Figure 33 

B). The NaGIR1 3’ cleavage products have been analysed by this method. Data show that 

most NaGIR1s exhibit branching activity but some of them also cleave by hydrolysis (Figure 

33 B). Interestingly, close comparison of the kinetic cleavage rates reveals that NprGIR1 

performs branching activity in vitro at a higher rate than DiGIR1 (DiGIR1 157.22 Kobs: 

0.0211, End point: 0.34 (Nielsen et al., 2009); NprGIR1 Kobs: 0.0693, End point: 0.16). 

Finally, the NprGIR1 was selected as a model system for NaGIR1s for further analysis to 

better understand the role of the flanking sequences and of the structural elements required for 

the branching reaction. 
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Figure 33 

Kinetic cleavage of the 11 NaGIR1s and primer extension analysis. 

(A) NaGIR1s were transcribed and subjected to a time-course cleavage experiment directly 
followed by denaturing gel analyzed at different time points (0-250 min) (Y. Tang, S. D. 
Johansen, H. Nielsen kinetic cleavage analysis, unpublished results). The fraction of 
uncleaved precursor was then deduced from the gel analysis and plotted. The cleavage rates of 
the various NaGIR1s were then deduced. (B) Primer extension analysis on the 3’product of 3 
different NaGIR1 variants. The branch point (BP) is detected by a primer extension pausing 
signal whereas the hydrolytic cleavage at the IPS site results in a primer extension stop signal 
due to reverse transcription up to the IPS (+3 nt) (see B schematic drawing). 
 

1.3. Study of NprGIR1:  
 

1.3.1. Prediction of two mutually exclusive alternative secondary 
structures:  

 

Based on sequence alignment and in silico predictions, alternative base pairing 

schemes have been proposed to take place within the ribozyme flanking sequences. These 

alternative secondary structures involve either the formation of the P2 stem or the formation 
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of a pseudoknot with P9 (named P9/pHEG) between the terminal part of the 3’end flanking 

sequence and the L9 loop (Figure 34 A). As seen in the NaGIR1s sequence alignment (Figure 

31, Figure 34) the L9 loop varies from 7 to 13 nt. However the last 5 L9 terminal nucleotides 

(5’-ACCAU-3’) are fully conserved (Figure 34 B). Finally, the second half of the pseudoknot 

located at the 5’end of the HE mRNA (i.e. 5’-AUGGU-3’) is also fully conserved Figure 34 

B).  

 
Figure 34 

NprGIR1 alternative structure prediction. 

(A) Secondary diagram of the NprGIR1 with the various deletion studies plotted and the 
alternative base pairing prediction. (B) Sequence alignment of the 11 selected NaGIR1 
showing the 3’end.  
 

Previously, we have demonstrated that the DiGIR1 flanking sequences were involved 

in the formation of two mutually exclusive secondary structures depending on the 3’flanking 

sequence length. The first one implies the formation of the HEG P1 stem that was shown to 

destabilize the catalytic core. The second one implies first the melting of HEG P1 and then the 

formation of the P10 and P2 domains which activate the DiGIR1 ribozyme (Paper III). 

Moreover, HEG P1 was also found to promote post-cleavage release of the lariat capped 



Chapter V: Supplementary Results 
 

 
 231

mRNA (Paper II) (Nielsen et al., 2009). Then one could wonder what are the active and 

inactive conformations of NprGIR1. A solution can be suggested from comparing these two 

systems. The formation of P2 may promote the formation of the catalytic core whereas the 

formation of pHEG may promote the inactive folding of the ribozyme or vice versa. Finally, 

the P9/pHEG pseudoknot could also be involved in post-cleavage release of the product in a 

still unknown mechanism, albeit different from DiGIR1 (Paper II). In order to understand the 

role of the 3’flanking sequence a deletion study has been performed directly followed by a 

folding study of the various NprGIR1 length variants. Finally mutational analysis of the P2 

stem and of the L9 loop was carried out in order to structurally dissect the ribozyme active 

and inactive conformations.  

 

1.3.2. Gradual 3’flanking sequence deletion induces a shift from 
branching to hydrolysis 

 

In order to understand the role of the 3’flanking sequence from the NprGIR1 

ribozyme, a systematic deletion study has been performed. The 5’end has been arbitrarily 

fixed to 191 nt whereas the 3’end has been deleted step by step from 28 nt to 12 nt after the 

IPS (Figure 34). The primer extension method used to discriminate between cleavage by 

branching or by hydrolysis cannot be applied in the case of products smaller than 24 nt. This 

is mainly due to the impossibility to use a primer shorter than 16-18 mer oligonucleotides to 

bind specifically to the 3’product RNA for the reverse transcription reaction. Thus, a new 

strategy to detect lariat cap RNA generated by the NprGIR1 ribozyme based on the RNase R 

assay was developed (Y. Tang, S. D. Johansen, H. Nielsen, RNase R assays, unpublished 

results) (Figure 35). The RNase R exoribonuclease digests essentially all linear RNAs but 

does not digest lariat or circular RNA (Vincent and Deutscher, 2006; Suzuki et al., 2006). 

Thus, most RNAs from a given sample can be completely digested (e.g. all products from the 

hydrolytic cleavage reaction) as well as lariats 3’ tails, only leaving the 3 nt ± 1 nt lariat cap in 

the case of GIR1 (Figure 35). 

 

In order to compare the branching rates of NprGIR1 and of DiGIR1, the RNase R 

method was benchmarked using two different DiGIR1 length variants that were selected 

according to their ability to perform either the branching reaction (i.e. DiGIR1 157.22) or the 

hydrolytic reaction (i.e. DiGIR1 166.22) (Nielsen et al., 2005)) (Figure 35). The NprGIR1 

deletion studies in combination with kinetic cleavage experiments (data not shown) and the 
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RNase R assays, have permitted to isolate the 191.17 length variant as the minimal length 

variant that fully retains branching activity (more than 76%) (Figure 35). Moreover, 

depending of the 3’end length, a clear shift from branching to hydrolysis activity has been 

observed. This shift appears when the 3’end is reduced to less than 17 nt (191.16: 32% of 

branching while 191.17: 76% of branching) (Figure 35). This demonstrates that the 3’end 

flanking sequence length is important for the branching reaction by NprGIR1. Interestingly, 

these finding are consistent with the previous observation on NanGIR1 (Henrik Nielsen; 

unpublished data) (Jabri et al., 1997) and the DiGIR1 ribozyme (Einvik et al., 2000; Nielsen 

et al., 2005; Nielsen et al., 2009). However these deletion studies do not tell whether P2 or 

pHEG is involved in the ribozyme active conformation. Thus, in NprGIR1 and in NaGIR1s in 

general, the role of flanking sequence remains unclear at this stage and needs to be 

experimentally adressed. 

 

 
Figure 35 

Rnase R experiments 

The different length variants were transcribed with α-UTP and subjected to cleavage reaction. 
The 3’ product was then gel purified and then digested by using RNase R enzyme. The 
digestion product was then analysed by denaturing polyacrylamide gel. The efficiencies of 
cleavage by branching versus by hydrolyse were then compared (Y. Tang, S. D. Johansen, H. 
Nielsen, unpublished results) 
 

1.3.3. Impact on folding of 3’flanking sequence deletion 
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The folding of the NprGIR1 different length variants used in deletion studies was 

monitored by native polyacrylamide gel electrophoresis. It has been previously shown that 

this method can be efficiently used to resolve RNA folding conformers of various group I 

introns including the Tetrahymena ribozyme (Emerick and Woodson, 1994; Pan and 

Woodson, 1998), the Azoarcus ribozyme (Rangan et al., 2003; Rangan et al., 2004; Chauhan 

et al., 2009) and DiGIR1 (157.22 and 166.65) depending on the Mg2+ concentration (Paper 

III). Subsequently, the fraction of native ribozymes as a function of Mg2+ concentration can 

be determined and fitted to the Hill equation in order to determine the midpoint of folding 

transition (Rangan et al., 2003). Eight different NprGIR1 length variants have been analysed 

by native gel electrophoresis following the protocol described in Paper III.  

 

The longest length variant conformers (191.28) were first monitored on native gel. At 

low Mg2+ concentration, the ribozymes form a diffuse band as in the case of the Azoarcus 

ribozyme (Figure 36). This band most likely represents the unfolded state (U) of the ribozyme 

consistent with the lack of any catalytic activity at such a low Mg2+ concentration. At higher 

Mg2+ concentration, the ribozymes migrate as a focused band (N) representing a near-active 

or active conformation (Figure 36). This correlates with the fact that this ribozyme shows a 

burst of activity after a pH jump. The midpoint of folding transition, determined at 

Cm191.28=6.3 mM, was found to be cooperative with respect to Mg2+ concentration together 

with a Hill coefficient of η191.28=1.5 (Figure 37). Interestingly, with a Cm157.22= 1.1 mM for 

the DiGIR1 minimal version (157.22) or Cm166.65=4.3mM for the DiGIR1 longer variant 

(166.65) (Paper III), the DiGIR1 ribozyme seems to require less Mg2+ ions to reach its near-

active conformation. However, the NpGIR1 seems to be less prone to form stable alternative 

structures that can be separated on native gel. This NprGIR1 folding behaviour is to be 

compared with the DiGIR1 folding behaviour in which the HEG P1 structure present in the 

166.65 length variant was previously shown and isolated by native gel assays (Figure 36) 

(Paper III). Finally, both ribozymes require around 25 mM Mg2+ for full activity suggesting 

additional folding that is not revealed by native gels.  
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Figure 36 

Monitoring of the Azoarcus, DiGIR1 and NprGIR1 folding by native gel. 

 

Next, we decided to monitor the folding of the various length variants harbouring 

nucleotide deletions at their 3’end (Figure 36 NprGIR1 191.17 and 191.12). Native gel 

analyses show that the smallest length variant seems to require less Mg2+ to reach its native 

conformation (N) in comparison with the longest length variant (Figure 36 NprGIR1 191.28). 

After fitting to the Hill equation, this general trend has been confirmed (Figure 37). The 

midpoints of folding transition of these two length variants were respectively found at 

Cm191.12=0.64 mM and Cm191.17=0.67 mM in comparison with the longest length variant that 

has a Cm191.28=6.3 mM. Thus, these results highlight that either the formation of P2 or pHEG 

in long length variants (i.e. 191.18 to 191.28) requires increasing amount of Mg2+ in order to 

be stabilized. Interestingly, the NprGIR1s that do not harbour full length 3’flanking 

sequences, require less Mg2+ to fold in there native conformation although they do not retain 

branching activity. In this way, the 3’flanking strand seems to induce branching through 

folding of the ribozyme catalytic core. 
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Figure 37 

Summary of native gel analysis of the various length variant of the NprGIR1. 

The fraction of native RNA (ƒN) was determined and fitted to the Hill equation. As a result 
the midpoint of folding transition for each length variant was determined: Cm191.12 =0.64 mM, 
Cm191.16 =0.67 mM, Cm191.17 =1 mM, Cm191.18 =2.60 mM, Cm191.19 =2.72 mM Cm191.21 =4.86 
mM, Cm191.24 =5.93 mM, Cm191.28 =6.25 mM. The length variants appear to be clustered in 3 
different groups according to their folding properties. The first group is mainly composed of 
length variants with a 3’end shorter than 17 nt. Remarkably, all these variants were previously 
characterized to cleave only by hydrolysis (i.e. 191.16 and 191.12). The second group, a 
transition group, is composed of length variants with 3’ ends comprised between 18 to 21 nt 
(191.18, 191.19 and 191.21). Finally, the third group is composed of length variants with a 3’ 
end longer than 21 nt (191.24, 191.28). These two last groups were shown to cleave mainly 
by branching (Figure 35).  
 

In summary, in vitro folding of NprGIR1 is a portioning between unfolded and near-

active states. Native gel assays show that long length variants of NprGIR1 do not promote 

formation of stable alternative structures that can be separated on native gel. In this respect, 

the behaviour of NprGIR1 is different from DiGIR1 in which an alternative structure can be 

isolated (i.e. DiGIR1 166.65 Figure 36 ALT band) (Paper III). Finally, the midpoint folding 

transition, determined for each length variants, reveals that increasing amounts of Mg2+ are 

required when the length of 3’flanking sequences is increased. This observation also 

correlates with the possibility to form either P2 or either pHEG in longer length variants. The 

formation of pHEG or P2 seems to require higher Mg2+ concentrations to be stabilized. Thus, 

the 3’flanking sequences seem to directly promote correct folding of the ribozyme catalytic 

core as proved by the observation that long length variants carry out branching efficiently. 

However these folding assays cannot prove definitely whether P2 or pHEG is formed in the 

active conformation. 
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1.3.4. pHEG: the active conformation revealed by mutagenesis 
 

In order to refine the secondary structure diagram and furthermore to understand the 

role of P2 and pHEG, we have decided to design a series of mutants that should either 

stabilize or destabilize pHEG or P2. All mutants were subjected to time-course experiments 

and the 3’ products were analyzed by primer extension. 

 

1.3.4.1. Deletion of 13 nt in the 5’ flanking sequence has no impact 
on branching:  

 

We have started by pruning the 5’ flanking sequence from 191 to 179 (deletion of 13 

nt) (Figure 38). The 179.28 NprGIR1 new length variant retains branching activity. Its 

cleavage rate is close to the cleavage rate of the 191.28 NprGIR1 length variant (Figure 38 

Kobs and end point). Thus, this first finding highlights that the 13 deleted nucleotides seem to 

be not involved in the formation of any local secondary structure or either in the stabilization 

of the catalytic core. This experiment allowed us to fix the length of the 5’ end to 179 nt 

before the IPS while the 3’ end was kept to 28 nt after the IPS. This new length variant, 

NprGIR1 179.28, is now considered the new reference for the NprGIR1 and named 

accordingly WT NprGIR1 in the following section. All mutants are compared to this minimal 

WT NprGIR1.  

 

 
Figure 38 

The 13 nt deletion in the 5’end of the NprGIR1 has no impact on catalysis 

The two different NprGIR1 length variants (191.28 and 179.28) were transcribed and 
subjected to a time-course cleavage experiment (at different time points 0-250 min) directly 
followed by denaturing gel analyzed. The fraction of uncleaved precursor was then deduced 
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from the gel analysis and plotted. The cleavage rate of two length variants was then deduced. 
Primer extension reveals that the NpGIR1 179.28 still retains its branching activity (data not 
shown). 
 

1.3.4.2. Stabilization of P2 shifts the activity toward hydrolytic 
reaction:  

 

In a first step, we wanted to study the impact on catalysis of stabilising P2 either by 

introducing point mutations in both the 5’ and 3’ strands or either by creating an elongated 

stable P2 stem. To achieve this goal, several mutants were constructed (MutEP2, MutP2’P2”) 

(Figure 39). The results show that the different mutants that harbour a more stable P2 cleave 

with a slower rate than the WT NprGIR1 (Figure 39, kobs and End point). Moreover, primer 

extensions of the 3’ cleavage products of the two mutants show that the ribozymes mainly 

cleave by hydrolysis (data not shown). Altogether these results highlight the fact that a stable 

P2 does not promote branching activity in the NprGIR1 but shifts the cleavage activity toward 

the hydrolytic reaction. 

 
Figure 39 

Stabilization of the P2 domain impacts the cleavage rate of the NprGIR1 ribozyme 
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1.3.4.3. Disruption of pHEG reduce the activity of the NprGIR1:  
 

In a second step, we have constructed mutants to destabilize the pHEG pseudoknot by 

introducing double mutations in the L9 loop and the P2 3’strand (MutL9, MutP2”) or in L9 

and the P2 5’strand (MutP2’L9) (Figure 40). Kinetic cleavage analysis in combination with 

primer extensions reveal that mutated ribozymes cleave at a very slow rate (Figure 40 kobs 

and End point) and mainly by hydrolysis. Altogether these results underline the fact that the 

pHEG pseudoknot is essential for branching activity in NprGIR1.  

 
Figure 40 

Mutations of the L9 loop or the pHEG formation impair the ribozyme branching 

activity. 

 

1.3.4.4. Compensatory mutations, come back to a functional 
ribozyme:  

 

Finally, mutants designed to either stabilize pHEG or restore a WT-like phenotype, 

have been created (Figure 41 MutP2’ and MutP2”L9). Interestingly, the mutant that stabilizes 

the pseudoknot by destabilizing the P2 domain (single mutant MutP2’) has been shown to 

cleave at the same rate as the WT NprGIR1 (Figure 41). Moreover it has been shown to retain 

the branching reaction highlighting that pHEG is required for the branching to occur. Next we 
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decided to monitor the impact of a double mutation in P2 3’ strand and L9 loop. Despite the 

fact that the double mutant (MutP2”L9) has been shown to retain the branching activity, it 

cleaves with a lower rate than the WT (Figure 41). This finding is consistent the fact that the 

pHEG is required but it also highlights that the mutations of the L9 loop and the P2 3’ strand 

have an impact on the cleavage rate. Thus, it is possible that the mutations induce either an 

alternative structure or a less stable pHEG pseudoknot. Finally, a triple mutant has been 

designed to restore a WT-like ribozyme (MutP2’P2”L9). Interestingly, this triple mutant 

restores the catalytic activity of the previously tested double mutant (MutP2’P2” kobs=0.003 

versus MutP2’P2”L9 kobs=0.010 Figure 39 and Figure 41). This observation emphasizes that 

pHEG is required for the branching to occur. Despite the fact that this triple mutant has been 

shown to retain the branching activity, it cleaves with a lower than the WT or the MutP2”L9 

double mutant (Figure 41). Thereby, this triple mutant does not restore the WT cleavage rate. 

Thus, it is possible that the folding of P2 domain has been favoured and stabilized while 

pHEG has been destabilized.  

 
Figure 41 

Stabilization of the pHEG pseudoknot and creation of a WT-like NprGIR1 

 

The overall picture that emerges from all these mutational data underline that pHEG 

formation is required to reach the active conformation of the ribozyme. Moreover, the 
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stabilisation of P2 promotes the inactivation of the ribozyme by preventing the formation of 

the pHEG pseudoknot. Thus, the formation of pHEG seems to have an impact on the 

stabilization of the catalytic core of the ribozyme. Interestingly, from these mutational data it 

appears straight forward that pHEG has a major implication in the active conformation of 

NprGIR1 and thus in NaGIR1s due to its sequence conservation. In the opposite, the role of 

the J2/10 junction still remains unclear and is currently under investigation.  

 

1.3.5. Tertiary interactions revealed by the Fe-EDTA structure probing: 
 

We have previously used the Fe-EDTA probing method on the DiGIR1 ribozyme in 

order to better understand the spatial organisation of the catalytic core and also the role and 

the location of the P2P2.1 regulatory domain with respect to the ribozyme core (Paper III). In 

order to understand the role of the peripheral domains from NprGIR1 (i.e. the J5/4 with its 

P5a extension, P6 extension, the L9 loop, the J2/10) and to compare these two ribozymes 

together, we performed Fe-EDTA probing on the NprGIR1 191.28 (Figure 42) according to 

the protocol described in the Paper III. 
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Figure 42 

Fe-EDTA structure probing of the NprGIR1 ribozyme 

(A) 15% denaturing polyacrylamide gel after NprGIR1 191.28 Fe-EDTA structure probing 
using 3’end 32P labelled length variant. The gels obtained were then exposed to 
phosphorImager image plates (Molecular Dynamics) and quantified using SAFA software 
(Laederach et al., 2008) (B) Graphical view of reactivities in solution of the two ribozymes 
(NprGIR1 191.28 and DiGIR1 166.65) upon Fe-EDTA treatment. Data were normalized 
against the band corresponding to the unfolded ribozyme.  
 

At low Mg2+ concentration, the core of the ribozyme, including all junctions, is highly 

accessible to the Fe-EDTA probe (Figure 43 A and B). This indicates an open conformation 

of the ribozyme core. This observation is consistent with results from native gel assays and 

with results obtained with the DiGIR1 Fe-EDTA probing at the same Mg2+ concentration. 

Along the same line of evidence, most NprGIR1 parts which are different from DiGIR1 are 

also highly accessible. 
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With increasing amounts of Mg2+ ions, the ribozyme becomes more compact. This 

observation corroborated by the emergence of a focused band in the native gel assays, is 

expressed in the Fe-EDTA probing experiments by a signal decrease for half of the residues 

(Figure 43 A and B). The residues found in junctions (J9/10, J15/7, J5a/4), internal loop (P6) 

and loop L9 become less accessible. Most residues from peripheral loops pointing away from 

the core (L5, L5a and L6) become more accessible which is also consistent with the behaviour 

of DiGIR1. 

 

Based on results from Fe-EDTA probing experiments, in combination with the 

previous structure probing done on NanGIR1 (Jabri et al., 1997) and the potential structural 

homology between the DiGIR1 and NprGIR1, some tertiary interactions taking place within 

the ribozyme core can be hypothesized. As a first example, decrease of Fe-EDTA signal 

shows that the P6 internal loop becomes protected which could mean it is involved in a 

tertiary interaction. According to the DiGIR1 3D model, this internal loop can be proposed to 

interact with a receptor located in P3 that simultaneously presents a decrease of its reactivity 

to the probe (Figure 43). In this way, the potential tertiary interaction between the P3 and P6 

internal loops mimics the situation observed in DiGIR1 ribozyme with the L6 loop and its 

receptor located in P3 (Paper III). Along the same line of evidence, the three-way junction 

(3WJ) between P5, P5a and P4 also becomes protected with the increasing amount of Mg2+ 

ions (Figure 43). At this stage the 3WJ classification (Lescoute and Westhof, 2006) left 

several conformer candidates that need to be further experimentally tested to identify the 

correct one. However, by combining Fe-EDTA data with the structural homology of the two 

ribozymes (i.e. P4 and P5 are stacked and J5/4 participates in the recognition of the P10 

substrate G•U base pair in the DiGIR1 ribozyme (Paper I)) a solution can be proposed. The 

decrease of reactivity to Fe-EDTA observed in the NprGIR1 experiments in the region around 

the J5a/4 junction and the 3’strand of P4 (Figure 43 C), indicates that P5a could adopt a 

parallel orientation or fold over P4. Thus, J5a/4 might participate in the recognition of the 

G•U base pair of P10. Family C is the only one that could satisfy these biochemical and 

structural constraints (Lescoute and Westhof, 2006) (Figure 43 C). Molecular modelling of 

NprGIR1 will be carried out in order to explore this assumption. 
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Two regions of NprGIR1 belonging to P2, J2/10 and L9 remain structurally unclear 

after interpretation of Fe-EDTA data. Interestingly, these zones were previously proposed to 

be involved in the formation of alternative structures either P2 or pHEG. 

 

In summary, the Fe-EDTA experiments performed on NprGIR1 in combination with 

native gel assays and previous data related to DiGIR1, show that the core of the ribozyme 

becomes more compact with increasing amount of Mg2+ ions. Based on the structural 

homology between DiGIR1 and NprGIR1, several tertiary interactions can be proposed for 

regions J9/10, J15/7 and J15/3. For insertions specific to NprGIR1, the P6 internal loop and 

J5a/4, structure probing together with the structural constraints required to form the lariat fold 

required for the branch point will guide us to propose a model of NprGIR1. Moreover, 

molecular modelling may help us to resolve the locations and orientations of the P2 domain, 

the J2/10 junction and the L9 loop which are not clarified by Fe-EDTA data. 
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Figure 43 

Fe-EDTA structure probing summary. 

(A) The hydroxyl radical reactivity at two selected Mg2+ concentrations (2 mM and 25 mM). 
Data were plotted on the secondary structure diagram representing the inactive conformation, 
harbouring the P2 domain. (B) Global overview of the hydroxyl radical reactivity showing the 
residues with increased (from yellow to red) and decreased (from yellow to blue) reactivity 
upon increase of the Mg2+ concentration. (C) Predicted tertiary interactions in the core of the 
ribozyme. 
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1.4. NaGIR1 studies: conclusion and perspectives: 
 

Screening the different Naegleria GIR1 ribozymes for branching activity has led to 

identify the NaGIR1 variant with the best catalytic rates: the NprGIR1 ribozyme. 

Interestingly, NprGIR1 appears to have better branching capabilities than DiGIR1 (DiGIR1 

157.22 Kobs: 0.0211, End point: 0.34 (Nielsen et al., 2009); NprGIR1 Kobs: 0.0693, End 

point: 0.16). Deletion studies performed on NprGIR1 by a combination of deletion studies and 

mutational analysis helps to better understand the role of the flanking sequences and the 

involvement of the pHEG pseudoknot in the catalytically active conformation of Naegleria 

GIR1s. 

 

The folding studies have also revealed that the longest length variant of NprGIR1 

(191.28) requires a higher Mg2+ concentration than the shortest one (191.12). It is clear from 

the secondary structure diagrams of these two length variants that this effect is due to the 

formation of the pseudoknot and maybe also to the likely melting of the P2 stem. Thus, it can 

be speculated that there is a folding order in NprGIR1 that could be applied to the NaGIR1s in 

general since their secondary structures are highly similar. First, the P2 domain has to fold in 

order to regulate the in vivo activity of the ribozyme by a different mechanism from the one 

found in DiGIR1 (Paper III) (Figure 44). In the same time it also gives enough flexibility to 

the catalytic core to reach its active conformation. Second, P2 melting will create the 

pseudoknot pHEG that stabilizes and locks the catalytic core of the ribozyme in its active 

configuration (Figure 44). Thus, the formation of pHEG may participate in the folding of the 

ribozyme active catalytic core by orientating correctly the branch nucleotide in order to allow 

catalysis. Furthermore, pHEG might also be involved in the release of the 3’product from the 

catalytic core by a different mechanism from the one observed in DiGIR1. Even if the release 

mechanism is different in these two ribozymes, it leads to the same important goal: the 

expression of the Homing endonuclease after the branching reaction (Figure 44).  

 

The current role of the J2/10 junction still remains unclear and is currently under 

investigation. However, based on mutational, and Fe-EDTA probing data a molecular model 

can be built to better understand the role of the various insertions found in the catalytic core of 

the NaGIR1s ribozyme. Finally, monitoring the catalytic properties of the NaGIR1s enriches 

the pool of ribozymes that can be crystallised.  
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Figure 44 

Comparison between “on/off” state in DiGIR1 and NaGIR1 

 

 

2. The structure of the DiGIR1 ribozyme, crystallization assays: 
 

DiGIR1 performs branching right after folding under its active conformation. 

Crystallization of DiGIR1 thus requires catalysis inactivation by incorporation of chemical 

modifications without preventing the formation of the native structure of the catalytic core. In 

order to easily incorporate those, a strategy based on truncated ribozymes has been designed 

inspired by the crystallization strategy of the Azoarcus ribozyme (Adams et al., 2004a; Adams 

et al., 2004b). These strategies will be briefly described in the following sections as well as 

the results of the first crystallization trials.  
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2.1. Example of the Azoarcus crystallization strategy: 
 

The crystal structure of the ribozyme naturally found within the pre-tRNAIle anticodon 

loop of the purple bacterium Azoarcus sp BH72 was obtained by Adams et al. (Adams et al., 

2004a; Adams et al., 2004b) in the splicing intermediate prior to the exon ligation reaction. In 

this crystal structure, the 5’exon has been cleaved but still remains base-paired to P1 while the 

3’exon is covalently connected to the intron by forming the P10 helix (Adams et al., 2004b) 

(Figure 45). In order to obtain crystals in this trapped state, the ribozyme was extensively 

engineered. The 5’exon was trimmed down to 3 nucleotides complementary to the IGS 

(Figure 45). The ribozyme was also truncated in the L9 loop which was then reconstructed 

using an oligoribonucleotide in trans, complementary to P9 and to the first 6 nucleotides of 

P10 forming the 3’exon. Most importantly, in order to lock the ribozyme in this trapped state, 

introduction of 2’-deoxy substitutions at several points was necessary. Finally a U1A binding 

site was engineered in P6a and the ribozyme was co-crystallized with the RNA binding 

protein U1A (Rupert and Ferre-D'Amare, 2001). Thus, a crystal structure of the active 

ribozyme with both 5’and 3’ exons was solved at 3.1 Ǻ of resolution (pdb accession code: 

1U6B/1ZZN (Adams et al., 2004a; Adams et al., 2004b)) (Figure 45). A similar strategy was 

applied for crystallising DiGIR1. 

 
Figure 45 

Schematic secondary structure and tertiary structure Azoarcus group I ribozyme 
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2.2. Construction of truncated DiGIR1 and insertion of the U1A site: 
 

Due to its ability to perform branching upon folding, inactivation was carried out by 

truncating DiGIR1 after the second nucleotide of L9. Three kinds of ribozymes were then 

designed according to the secondary structure elements contained in their 5’ flanking 

sequence. The wild-type (WT) contains the full P2/P2.1 5’ sequence stretch. The ΔP2 

constructs start at nucleotide 18 and the ΔP2/P2.1 starts in P10 (Figure 49). The DiGIR1 

missing part is restored by an oligoribonucleotide complementary to the 5’ strands of P9, P10 

and P2 (in the WT constructs). All ribozymes remain partially unfolded until the substrate 

corresponding to different RNA oligomers, is added in trans to reform P9, P10 and P2 (Figure 

46). In order to obtain DiGIR1 truncated, precisely in the middle of L9, the Hepatitis Delta 

Virus ribozyme (HDV) has been added immediately downstream A222 to cleave during the in 

vitro transcription process (Figure 46).  

 

The crystallization of a homogenous RNA population is by essence a difficult task. 

Interestingly, several successful examples of co-crystallizations ribozymes with the RNA 

binding protein U1A have been recently reported in the literature (Adams et al., 2004b; Ferre-

D'Amare and Doudna, 2000; Ferre-D'Amare and Rupert, 2002; Ferre-D'Amare, 2010; Rupert 

and Ferre-D'Amare, 2001; Rupert et al., 2003). Based upon these results, a U1A binding site 

was engineered at the end of P8 of the three kinds of constructs described above. Note that P8 

was chosen because it seems to be quite neutral both in terms of folding and catalysis in 

DiGIR1 (Figure 46). Moreover, additional structural diversity was generated by varying the 

length of P8 fused to the U1A binding site. 
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Figure 46 

Engineering of truncated DiGIR1 ribozyme 

Presentation of the P9-truncated DiGIR1s fused to the HDV ribozyme and containing the 
U1A insertion site in P8. 
 

2.3. Test of the HDV activity in the various construction: 
 

Before starting the large-scale transcription in order to produce truncated DiGIR1 

ribozyme for the crystallization assays, small-scale transcriptions were set up to test the 

activity of the HDV ribozyme fused to the various DiGIR1 truncated ribozyme construction 

(Figure 47). As expected, the quantity of truncated-DiGIR1 released after cleavage by HDV 

was found to be about 85% after quantification of the bands (precursor, truncated-DiGIR1, 

HDV) during the time-course transcription assays. Then, the truncated ribozyme can be 

purified by either polyacrylamide denaturing gel electrophoresis or gel exclusion 
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chromatography on a Superdex® 200 10/300 GL (small scale) or HiLoad 26/60 Superdex® 

(large scale) (Amersham Pharmacia Biotech column).  

 

 
Figure 47 

Time-course T7 polymerase in vitro transcriptional assays. 

Time-course of T7 polymerase in vitro transcription assays of the various constructions on run 
8% denaturing polyacrylamide gel. Major bands respectively correspond from the top to the 
bottom to the precursor (GIR1-HDV), the truncated DiGIR1 (GIR1) and finally the cleaved 
HDV ribozyme from the top to the bottom. 
 

2.4. Preparation of ternary complex containing the truncated-DiGIR1, the 
substrate and U1A protein: 

 

2.4.1. Formation of binary complex DiGIR1-Oligo: 
 

After purification, truncated-DiGIR1s need to adapt to the two distinct RNA substrates 

(Figure 46). The first oligomer, composed of 16 nucleotides (hence named O16) was designed 

to form P9 and P10. The second oligomer, the 29-mer (hence named O29), was designed to 

form P9, P10 and P2. Oligonucleotides were synthesized by Dharmacon® with or without 

chemical modification in order to prevent catalysis or to check for ribozyme activity, 

respectively. Chemical modifications were incorporated in residues directly involved in 

catalysis. rU232 was replaced by dU232 to prevent the nucleophilic attack leading to the 

formation of the lariat (i.e. O29d11: O29 harbors a deoxyribose substitution at position 11). A 
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phosphorothioate substitution (*) was incorporated at the scissile bond of G229 (i.e. O16*8, 

O29*8). After purification of the different oligonucleotides, band shift assays were performed 

in order to check the formation of the binary complex.  

 

Band shift assays were done by mixing increasing concentrations (0, 100 nM, 1 µM, 

25 µM) of unlabelled truncated-DiGIR1 with a constant concentration (1 nM) of a 5’ end 

labelled oligoribonucleotide. In order to follow the formation of the binary complex, samples 

were then subjected to a non-denaturing polyacrylamide gel electrophoresis (protocol from 

Paper III) (Figure 48). Band-shift assays show that the lengths of the oligonucleotides (O16 

or O29) have a different impact on the formation of the binary complex (Figure 48). 

Interestingly, O16 did not bind the truncated-DiGIR1 under the conditions used whereas O29 

did. Thus, O29 came out as the best candidate to form binary complexes with the WT GIR1 or 

the ΔP2 series (Figure 48). Dissociation constants (Kd) for the complexes were determined in 

the range of 1 to 3µM. 

 

 
Figure 48 

Band shift assays and formation of binary complex DiGIR1-Oligo. 

The band shift assays (Mira Tawk, Masters student 2009-2010, unpublished results) revealed 
the possibility to form a binary complex composed of the truncated-DiGIR1 ribozyme and the 
substrate added in trans. The concentration of truncated-DiGIR1 ribozyme was increased 
from 0 to 25 µM while the concentration of 5’ end labeled oligoribonucleotide was fixed to 
1 nM. (A) Truncated DiGIR1 ribozyme. (B) Truncated DiGIR1 ribozyme with the U1A site 
inserted in P8. 
 

Interestingly, the WT GIR1 ribozyme was able to perform cleavage of the unmodified 

substrate O29 (data not shown). Nevertheless, since reverse transcription tests were not 

performed, it was not assessed whether the ribozyme cleaves predominantly by branching or 
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hydrolysis. As expected, the phosphorothioate-modified oligoribonucleotide was shown to be 

marginally cleaved by the ribozyme (data not shown). 

 

2.4.2. Formation of the ternary complex between DiGIR1, the RNA 
substrate and U1A protein: 

 

In order to form the ternary complex (DiGIR1-Oligo-U1A), the double mutant (Y31H, 

Q36R) of the U1A RNA binding domain (RDB) was first purified (strain and protocol from 

Pr Kyoshi Nagai MRC, Cambridge, UK and Dr. A. Ferré d’Amaré, Fred Hutchinson Cancer 

Research Center, Seattle, WA, USA). The ability of the U1A RDB to bind to the binary 

complex was assessed by band-shift assays (Figure 49). Two concentrations of a particular 

truncated-DiGIR1 construct harbouring the U1A binding site were chosen (10 µM and 20 

µM). The concentration of 5’end labelled oligonucleotide was also fixed to 1 nM. Finally, the 

concentration of the added protein was increased from 0 to 40µM. Upon addition of the U1A 

protein a mobility shift resulting from the formation of the ternary complex was observed on 

native gels (Figure 49). 

 

 
Figure 49 

Band-shift assays revealing the formation of ternary complex. 

Band shift assays reveal formation of a binary complex composed of the truncated-DiGIR1 
ribozyme, the RNA substrate and the U1A protein that binds to its site located in P8.  
 

2.5. Screening for crystallization condition: 
 

Since ΔP2 constructs were not catalytically active and ΔP2P2.1 could not bind the 

RNA substrate, only samples containing different concentrations of the WT GIR1 series in 
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complex with the RNA substrate (DiGIR1-Oligo) or the ternary complex (DiGIR1-Oligo-

U1A) were tested for crystallization. Crystallisation trays were set up using commercially 

available high-throughput (HT) screening suites (MPD suite and Nucleix Suite from Qiagen 

or Index and PEG-Rx from Hampton Research). Crystallization trays were set up using a 

mosquito robot (TTP Labtech), stored at constant temperature (22°C), and observed weekly 

using a microscope AX10 Zeiss. 

 

For most constructs, only precipitates were obtained. The only construct that 

apparently yields microcrystalline precipitates is formed by the WTGIR1C2, the O29*8 

substrate and the U1A RBD (See Figure 51). Microcrystals were observed under few 

conditions of the Index HT and PEG HT screens from Hampton Research after one week of 

equilibration. In order to improve the homogeneity of the samples, they were subjected to 

HPLC purification prior to set up the crystallisation trays. The column used was a superdex 

200 PC 3.2/30 run on an Akta system (Pharmacia). This column allows for loading 

concentrated small volume samples that are slightly diluted during the purification process to 

the right concentration (between 50 to 100 µM) and that can be used for crystallisation right 

after elution. Strikingly, this additional purification step significantly increased the number of 

conditions under which precipitates apparently containing microcrystals could be obtained 

(See Table 3). 

 

Crystal quality will be improved by varying physico-chemical factors (temperature, 

pH) as well as modifying the concentrations of crystallants composing the conditions yielding 

the best results. More engineering of the RNA will also be carried out aiming at integrating 

distinct motifs capable of promoting intermolecular interactions capable of improving crystal 

packing (Ferré-d’Amaré 1998 JMB). 

 

 

Table 3: Increase of the number of positive crystallisation hits following purification of the 

ternary complex by HPLC. Conditions identified initially are indicated in italic bold face. 

HPLC purification of the complex strikingly increases the number and the diversity of 

conditions under which the complex forms comparable microcrystalline precipitates. 
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Index HT WTGIR1C2/O29*8/U1A 

C6 0.1 M Sodium chloride, 0.1 M BIS-TRIS pH 6.5, 1.5 M Ammonium sulfate 

D6 0.1 M BIS-TRIS pH 5.5, 25% w/v Polyethylene glycol 3,350 

D7 0.1 M BIS-TRIS pH 6.5, 25% w/v Polyethylene glycol 3,350 

D10 0.1 M BIS-TRIS pH 6.5, 20% w/v Polyethylene glycol monomethyl ether 5,000 

E1 
0.2 M Calcium chloride dihydrate, 0.1 M BIS-TRIS pH 6.5, 45% v/v (+/-)-2-Methyl-
2,4-pentanediol 

E5 
0.2 M Ammonium acetate, 0.1 M Tris pH 8.5, 45% v/v (+/-)-2-Methyl-2,4-
pentanediol 

E6 
0.05 M Calcium chloride dihydrate, 0.1 M BIS-TRIS pH 6.5, 30% v/v Polyethylene 
glycol monomethyl ether 550 

E10 0.1 M BIS-TRIS pH 6.5, 45% v/v Polypropylene glycol P 400 

F1 0.2 M L-Proline, 0.1 M HEPES pH 7.5, 10% w/v Polyethylene glycol 3,350 

F3 
5% v/v TacsimateTM pH 7.0, 0.1 M HEPES pH 7.0, 10% w/v Polyethylene glycol 
monomethyl ether 5,000 

H3 0.2 M Sodium malonate pH 7.0, 20% w/v Polyethylene glycol 3,350 

H7 0.15 M DL-Malic acid pH 7.0, 20% w/v Polyethylene glycol 3,350 

H9 0.05 M Zinc acetate dihydrate, 20% w/v Polyethylene glycol 3,350 

  

PEG HT WTGIR1C2/O29*8/U1A 

B9 0.1 M BICINE pH 8.5, 15% w/v Polyethylene glycol 1,500 

C7 0.1 M Sodium acetate trihydrate pH 4.0, 10% w/v Polyethylene glycol 4,000 

C12 0.1 M BICINE pH 8.5, 8% w/v Polyethylene glycol monomethyl ether 5,000 

D8 0.1 M BIS-TRIS pH 6.5, 16% w/v Polyethylene glycol 10,000 

D9 0.1 M BICINE pH 8.5, 20% w/v Polyethylene glycol 10,000 

D12 0.1 M BIS-TRIS propane pH 9.0, 8% w/v Polyethylene glycol 20,000 

E6 
10% v/v 2-Propanol, 0.1 M Sodium citrate tribasic dihydrate pH 5.0, 26% v/v 
Polyethylene glycol 400 

G1 
0.10% w/v n-Octyl-β-D-glucoside, 0.1 M Sodium citrate tribasic dihydrate pH 5.5, 
22% w/v Polyethylene glycol 3,350 

H12 
3% w/v Dextran sulfate sodium salt, 0.1 M BICINE pH 8.5, 15% w/v Polyethylene 
glycol 20,000 

Table 3 
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CONCLUSION AND PERSPECTIVES 
 

 

The GIR1 branching reaction forms a short lariat with a 3-nt loop at the 5’end of the 

mRNA encoding the homing endonuclease (HE) (Nielsen et al., 2005). In this way, GIR1 is 

involved in the maturation of the 5’end of the mRNA. The resulting lariat cap helps protecting 

the mRNA from degradation by 5’-3’ endonucleases and thus seems to confer a selective 

advantage to the HE. In terms of catalysis, the GIR1 branching reaction is typical of the first 

step of splicing performed by group II ribozymes. However, from a structural point of view, 

GIR1 is clearly related to group I ribozymes. Moreover, RNA molecular modelling together 

with biochemical and mutational data reveal that the catalytic core of this ribozyme 

constitutes a specific fold. Thus, GIR1s with their 2’,5’-phosphodiester bond-forming activity 

together with a structural context related to group I intron can be listed as an independent 

class of naturally occurring ribozymes: the group-I-like ribozyme (Jabri et al., 1997; Nielsen 

et al., 2008).  

 

 

GIR1 alternatively adopts active and inactive conformations: 

 

 

The main function of GIR1 is to process the 5’end of the HE mRNA after GIR2 

splicing. Alternatively, GIR1 seems to be involved in the regulation of the SSU ribosomal 

RNA synthesis by promoting its branching reaction before the splicing of the GIR2 ribozyme, 

mainly during the encystment pathway (Vader et al., 2002). Thus, it appears that there is a 

switch mechanism responsible for the coupling between the activities of the two ribozymes 

GIR1 and GIR2 according to environmental conditions. 

 

 

Studies performed on the DiGIR1 ribozyme reveal the critical role of the P2P2.1 

peripheral domain. The folding of P2P2.1 promotes the active conformation of GIR1 by 

stabilizing the catalytic core. In the NaGIR1 case, deletion studies together with structure 

probing and mutagenesis have permitted to emphasize the role of the flanking sequences. 

Thus, the active conformation relies on the ability to form the pHEG pseudoknot between the 
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L9 loop and the 3’strand of the P2 domain. Interestingly, forming the pHEG pseudoknot 

might also release the cleaved product from the ribozyme core. Thereby, the Naegleria and 

Didymium systems seem to have adopted two different mechanisms to stabilise their core to 

achieve the same goal: the maturation of the 5’end of the mRNA. Along the same line of 

evidence, they also seem to have adopted two different mechanisms involved in the release of 

the mRNA. 

 

 

Based on biochemical and mutational data, the GIR1 peripheral domain (P2P2.1 in 

DiGIR1 and P2 in NaGIR1s) undergoes a conformational switching resulting in distinct 

inactive and active states of the ribozyme. In DiGIR1, the folding of stem loop structure HEG 

P1 regulates the activity of the ribozyme by destabilizing the catalytic core. Alternatively the 

melting of HEG P1 promotes the folding of the P2 P2.1 domain inducing the active 

conformation of the ribozyme. In the NaGIR1 case, the inactive conformation seems to 

involve the presence of the P2 stem while the active form requires the formation of the 

pseudoknot pHEG. In both cases, the catalytic site is proximal to the 3’end of GIR1 and the 

alternative conformation prevents the formation of the catalytic site. Thereby, the active 

conformation of GIR1 relies on conformational changes that involve the melting of key 

structural elements located in RNA regions resulting in the interplay between GIR1 and 

GIR2.  

 

 

The GIR1 peripheral domain acts as an on/off switch that controls the activity of the 

branching ribozyme. However, in vivo it is possible that trans acting factor(s) (i.e. the homing 

endonuclease protein as an example) could be involved in stabilising either the active or the 

inactive conformation. Thus, one of our goals will be to affinity purify putative trans factor(s) 

from D. iridis and Naegleria cell extracts using the full intron as a bait in order to identify the 

individual components of the system. Along the same line of idea, the in vivo structure of 

GIR1 and the twin-ribozyme intron can be also elucidated by using first a combination of 

classical RNA structure probing reagent (DMS (Brunel and Romby, 2000), BzCN (Mortimer 

and Weeks, 2009), and SHAPE (Selective 2’ Hydroxyl Acylation analysed by Primer 

Extension) (Wilkinson et al., 2006; Merino et al., 2005)) (Figure 50). Following that, primer 

extension reactions can be analysed by using automated sequencing strategies to better 

understand the structure of the inactive conformation of GIR1 in the precursor rRNA and also 
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the structure of the twin-ribozyme intron. Thus, by comparing in vitro and in vivo data, 

structural variations could be identified and alternatively it could also give some clue for 

understanding the folding of the HE mRNA.  

 

 
Figure 50 

In vivo probing and deep sequencing strategy 

 

Group-I-like ribozyme structure and evolution: 

 

 

Interestingly, our DiGIR1 3D molecular model suggests an evolutionary link with 

group I introns. The evolutionary mechanism of GIR1 suggests it could derive from a group I 

ribozyme that incidentally inserted itself within a group I ribozyme that was already present in 

the SSU gene. Strikingly, the DiGIR1 model shows how two distinct RNA junctions 

functionally replaced the critical junction of the splicing ribozyme in a process driven by the 

appearance of a double pseudoknot. Thereby, this shuffling between functional motifs 

promoted by sequence drift, strand exchange and alternative base pairing have arisen in the 

GIR1 ribozyme due to the absence of selection pressure for the splicing activity. Finally and 

as a general observation, the process involving the appearance or disappearance of 
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pseudoknots can also be instrumental in the evolution of other large structured RNAs like 

RNase P.  

 

Our future goals will be first to determine the structure of GIR1. We want to solve the 

crystal structure of the GIR1 ribozyme with its 5’ and 3’ appendages to be able to compare the 

organization of its catalytic site to group I ribozymes. GIR1 crystal structure would constitute 

the first crystal structure of a branching ribozyme. The crystal structure should also teach us 

how the RNA elements tethering GIR1 to the twin-intron are conformed. Alternatively, this 

will help us to better understand the molecular basis of the GIR1/GIR2 cross-talk. As 

previously highlighted by the DiGIR1 model, an evolutionary link exists between the group I 

like ribozyme and the group I splicing ribozyme. Thus, we want to emphazise this 

evolutionary link by transforming the GIR1 ribozyme into an Azoarcus like ribozyme by in 

vitro selection. By doing this, we want to understand how an RNA molecule can evolve to 

gain a new function. Interestingly, the in vitro selection strategy has already permitted to 

explore the catalytic potential of RNA (Bartel and Szostak, 1993; Szostak et al., 2001). It is  

possible to explicitly reproduce various chemical activities by succeeding in the (re)creation 

of ribozymes (Bartel and Unrau, 1999) capable of aminoacylating tRNA (Lee et al., 2000), 

accelerating peptide bond formation (Zhang and Cech, 1997), catalysing steps in nucleotide 

synthesis (Unrau and Bartel, 1998), acting as ligase (Lawrence and Bartel, 2005) and even 

acting as a processive RNA replicase (Ekland and Bartel, 1996; Johnston et al., 2001). 

 

Figure legend: 

(A) In vitro selection strategy developed for transforming GIR1 into a splicing like group I 

ribozyme. In a preliminary step, the peripheral domain is removed from GIR1 and a P1 

domain is grafted. A 6 nt transposition of the P15 3’ strand is then performed in order to 

restore the topology of group I ribozymes. Then by in vitro selection or SELEX (systematic 

evolution of ligands by exponential amplification) rare functional ribozymes can be isolated 

from pools of over 10 15 different sequences (Wilson and Szostak, 1999). Thus, functional 

ribozymes, promoting the first step of group I intron self splicing pathway in presence of co-

factor (biotin-GTP), can be selected. In this way, ribozymes retaining the splicing activity can 

be affinity purified based on the biotin-GTP covalently bound to the 5’ end. Then the pool is 

enriched in a new selection round until selected ribozymes have reached a significant level of 

activity. However, this strategy relies on ribozyme ability to perform the splicing activity in 

presence of the biotin-GTP. Thus, before starting the SELEX experiments, the possibility of 
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the biotin-GTP to be used as a splicing substrate needs to be checked. (B) Proof of concept. 

The Azoarcus pre-tRNA group I splicing ribozyme was used to monitor the feasibility of 

using biotin-GTP compound to promote the self spicing pathway. (B1) The azido GTP analog 

(8-Azidoguanosine 5'-triphosphate [g]-biotinyl-3,6,9-trioxaundecanediamine AB14 from 

Affinity Photoprobe LLC®) used for the fishing experiments. (B2) The ribozyme self splicing 

activity was monitored by using GTP or the biotin-GTP as cofactor. The cleavage condition 

of the pre-tRNA Azoarcus were done according to (Tanner and Cech, 1996). (B3) Preliminary 

fishing experiment results using streptavidin magnetic beads. After splicing, the biotin-GTP 

covalently bound to the ribozyme can be used to affinity purify the ribozyme using 

streptavidin magnetic beads (protocol according to Roch® streptavidin bead specification). 

This method allows us to affinity purify the ribozyme after its splicing reaction. 
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Figure 51 

Illustration of the in vitro selection strategy and the proof of concept. 
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Understanding the implication of the 5’end lariat cap in translation initiation: 

 

 

The GIR1 ribozyme maturates the 5’end of an mRNA by catalyzing a branching 

reaction that leads to the formation of a lariat cap (Nielsen et al., 2005). The resulting lariat 

cap protects then the mRNA from the 5’ end degradation by exonucleases. Thereby, this lariat 

cap constitutes a substitute for the conventional cap m7G that is formed co-transcriptionally 

by enzymes in eukaryotic system. The m7G cap has been shown to be essential for the 

translation initiation in eukaryotic cells. Despite the fact that the lariat cap seems to constitute 

a substitute for the m7G, its role in the translation initiation remains unknown. Thereby, 

mRNA lariat capped product released by GIR1 can be used be for in vitro cap dependant 

translational studies (Johannes et al., 1999). As an example, the ribozyme can be fused to the 

sequence encoding a functional RNA. Following the transcription GIR1 folds in its catalytic 

active conformation and catalyzes the formation of the lariat cap at the 5’ end of the 

downstream mRNA. In this way, various in vitro translation systems (yeast, insect, human 

and prokaryote) can be used in order to monitor the effect of the lariat cap onto the 

recruitment of translational initiation factors (Figure A).  

 

 

Understanding of the implication of the 5’end lariat cap in RNA decay: 

 

 

mRNAs are generally transient molecules and their amounts in the cell is a function of 

both rates of synthesis and degradation. Thus, regulated degradation is an important 

component of gene expression in prokaryotes and eukaryotes. The mRNA of prokaryotes and 

eukaryotes display several different characteristics. The eukaryotic mRNAs are generally 

capped by in the m7G in their 5’end while their 3’ end harbours a poly(A) tail (Figure A). In 

contrast, prokaryotic mRNAs carry a triphosphate at their 5’ end and they usually end with a 

stem-loop structure despite the fact that some of them can be polyadenylated (Figure A). 

Thus, mRNAs degradation mechanisms differ from prokaryotes to eukaryotes. Nevertheless, 

in both cases mRNA degradation mainly starts at the 5’ end but can also start by the 3’ end or 

even by internal cleavage.  
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In prokaryotic systems the mRNA undergo a rapid turnover. As previously mentioned 

the RNA transcripts can be degraded in a 3’-5’ direction. This process is catalysed by a 

conserved multi enzyme complex known as the RNA degradosome (Carpousis, 2002; 

Carpousis, 2007). However focusing on mRNA decay via the 5’-3’ direction, it has been 

shown in E. coli that the degradation process is initiated by triphosphorylated 5’ end removal 

from primary transcript by the RppH pyrophosphohyfrolase (Celesnik et al., 2007; Deana et 

al., 2008) (Figure A). Thereby, RNAs carrying monophosphate in their 5’ end are recognized 

first by RNase E and then by a number of RNases (RNase E and other RNases like RNase III, 

RNase G, RNase P, RNase Z…) (Deana et al., 2008). GIR1, with its ability to maturate the 

5’end of an mRNA by the formation of a lariat cap, can be used to produce in vivo lariat 

capped mRNA. Thereby, the lariat cap can be an alternative to the 5’ triphosphate residue 

from prokaryotes. The lariat cap can be used to escape the 5’-3’ RNA degradation due to the 

fact that it is a foreign element to the cellular system. Thus it could help stabilising the 

mRNA. Along the same line of idea, the lariat cap can be used in combination with hairpin 

structures located at both 5’ and 3’ ends known to stabilize the mRNA in prokaryote system 

(Emory et al., 1992) (Figure B).  

 

 
Figure 52 

Degradation mechanism in prokaryotes. 

(A) General scheme of the 5’ end dependant mRNA degradation pathway in E. coli. (B) The 
influence of the nature of the 5’ end on RNase E activity and thus on RNA turnover. 
 

As previously mentioned, eukaryotic mRNAs are generally capped by a m7G at their 

5’ end and polyadenylated at their 3’ end (Figure 53 A). Due to those characteristics, the 

mRNA degradation mechanism is different from the prokaryotic mRNA degradation process. 
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The major pathways of mRNA turnover in eukaryote organisms are initiated with shortening 

of the poly(A) tail by a poly(A)-specific exoribonuclease “Pan” (exoribonuclease member of 

the RNaseD family reviewed in (Tucker and Parker, 2000; Parker and Song, 2004)) (Figure 

53 A). Following de-adenylation, RNA transcripts can be degraded in a 3’-5’ direction 

(Muhlrad et al., 1995). This process, catalysed by a conserved complex of multiple 3’-5’ 

exonucleases termed the exosome (Mitchell et al., 1997), does not involved de-capping of 

mRNA 5’ end (reviewed in (van and Parker, 1999)). In contrast, the 5’-3’ mRNA degradation 

involves RNA de-capping. Thereby, mRNA de-adenylation promotes mRNA de-capping 

mediated by two de-capping proteins Dcp1p and Dcp2p (Dunckley and Parker, 2001) which 

bind RNA as a prerequisite for cap recognition and are remarkably specific to the m7G cap 

(Piccirillo et al., 2003) (Figure 53 A). De-adenylation and de-capping steps are directly 

followed by the 5’-3’ exonucleolytic decay by recruitment of the 5’-3’ exonucleases Xrn1 

(reviewed in (Parker and Song, 2004)) (Figure A). Interestingly, this 5’-3’ RNA degradation 

pathway involving RNA transcripts de-capping, has been shown in yeast to be faster than the 

3’-5’degradation process (reviewed in (Tucker and Parker, 2000)). Moreover, the currently 

available evidence suggests that the major mechanism of mRNA decay in Saccharomyces 

cerevisiae is done by de-capping directly followed by 5’-3’ degradation (reviewed in (Tucker 

and Parker, 2000; Parker and Song, 2004)). Thus, the 5’ end mRNA lariat capped product 

released by GIR1 which is a foreign cap to the cellular system, may interfere with the 5’-3’ 

degradation process (Figure 53 B). In this way, the lariat cap may not be recognized by the 

RNA degrading enzymes and thus the lariat capped mRNA could escape the normal RNA 

turn-over and be stabilized. Based on RNA turn-over studies, it also appears that the 

translation initiation and the turn-over of mRNA are closely linked. Interestingly, it has been 

recently shown that both RNA de-capping and 5’-3’ degradation process can occur when the 

transcripts are associated with actively translating ribosome (Hu et al., 2009). Thus, by by-

passing the normal turn-over of capped RNAs, the various RNA-turnover cellular back-up 

systems could be revealed and thus it could also lead to gain insight into factors involved in 

these RNA degradation processes. It could also lead to identify new factors (Figure 53 B). 

Finally, GIR1 and its branching activity can be used to increase the stability of functional 

RNAs like miRNAs, siRNAs to extend the temporary knock down of the targetted gene or 

group of genes.  
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Figure 53 

Illustration of the eukaryotic mRNA degradation pathway. 

(A) mRNA turnover in eukaryotic cells adapted from (Tourriere et al., 2002). (B) Lariat 
capped mRNA turnover.  
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MATERIAL AND METHODES 
 

1. Plasmid and cell strains: 

1.1. Plasmids: 
Three different plasmids were used in order to prepare various construction of the 

GIR1 ribozyme. For the PCR amplification, domain grafting the pGEM-DiGIR1 (original 

pG1-163) was used (Einvik et al., 1998b) (Figure 54 A). The GIR1-truncated fused to HVD 

ribozyme in 3’ end was cloned Puc19 (Figure 54 B). Previously the insert was selected by 

using the plasmid vector pCR®II-TOPO (invitrogen®). 

 
Figure 54 

Restriction map of the two plasmids, pGEM and pUC19. The bleu boxes represent the 
location of the insert in the poly-linker region. In (A) original pGEM-DiGIR1 plasmid from 
(Einvik et al., 1998b), where GIR1 fragment is inserted in the HindII site. In (B) pUC19-
DiGIR1-P9 truncated with HDV fusion, inserted between EcoRI and HindIII. 

1.2. Cells strains: 
One shot® chemically competent DH5α TOP 10 E. coli (Invitrogen®) were used for 

transformation. Cells were grown in classical LB-media containing 50 µg/mL ampicillin or on 

LB plates. 

2. General methods for the study of DNA: 

2.1. General technique of DNA manipulation: 

2.1.1. Quantification of the DNA concentration: 
DNA concentrations were routinely quantified spectrophotometrically on a Nanodrop 

ND-1000 (Thermo Scientific) by measuring the optic density (OD) at 260nm. OD260 = 1.0 

equals 50µg/ml ssDNA. The absorbance values at 280nm were also measured. The 
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OD260/OD280 ratio provides an estimate of the purity of the RNA solution. Pure DNA has a 

ratio of 1.8-2.1 in 10mM Tris-HCl, pH 7.5. 

2.1.2. Phenol chloroform extraction (PCI-extraction): 
PCI-extraction was carried out using commercially available Phenol: Chloroform: 

IsoAmylalcohol (PCI) by adding 1x volume PCI, vortexing vigorously followed by 

centrifugation for 1min. at 5000xg. The upper DNA containing water phase was transferred to 

a new Eppendorf tube. 

2.1.3. Ethanol precipitation: 
DNA was precipitated by addition of 1/10 volume of NaAc 3M pH 6 and 2,5x 

volumes of 96% and leave on dry ice for minimum 15min or at -20°C O/N. Next the DNA 

was precipitated by centrifugation for 30min at 16.000xg. The supernatant was removed and 

the pellet was washed in 150µl of 70% EtOH centrifuge for 10min. Remaining ethanol was 

evaporated by drying the pellet under vacuum in a SpeedVac. The pellet was then uptake in 

depc water. 

2.1.4. Basic protocols: digestion and enzymatic modification of DNA: 
 
 
Procedures: 
Plasmid digestion, linearization: 

5,0 µg   DNA  
2,0 µL   Buffer 10X 
1,0 µL   Enzyme (5 U/µL) 
XX µL   H2O 
20 µL   Total 

The mix was then incubated at 37°C for 1 h to O/N (over night) and heat-inactivated at 65°C 

for 5min. The plasmidic DNA was then recovered by PCI extraction and ethanol precipitation. 

The pellet was then dissolved in DEPC H2O. 

Plasmid dephosphorylation: 
  5,0 µg   Digested plasmidic DNA 
  2,0 µL   BAP-Buffer 10X  
  1,0 µL   BAP enzyme (5U/µL) 
  XX µL   H20 
  20  µL   Total 

The reaction mix was put at 60°C for 1hrs. After 1 hrs, 2,6 µL of Proteinase K were added to 

stop the reaction. The mix was incubated at 37°C during 30 min. DNA was recovered by a 

PCI extraction and ethanol precipitation. The pellet was then dissolved in DEPC H2O. 
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Insert plasmid ligation: 
    X µg   dephosophorylated plasmidic DNA 
    X µg   PCR products, insert 
  2,0 µL   10X buffer T4 DNA ligase 
  1,0 µL   T4 DNA Ligase 
    X µL   H2O 
   20 µL   Total 

The mix was then incubated at RT for 1 h or at 16°C O/N 

 

5’end labelling of primer with [γ-32P] ATP: 
2,0 µL   PNK-A buffer 10X 
1,0 µL   PNK enzyme (5 U/µL) 
1,0 µL   Primer (25 µM) 
5,0 µL   [γ -32P] ATP (3000 Ci/mmol) 
11  µL   H2O 
20 µL   Total  

The mix was then incubated at 37°C for 30min and heat-inactivated at 65°C for 5min. The 

5’end labelled primer can then be used directly. 

 

Set of primers phosphorylation: 
2,5 µL   PNK-A buffer 10X 
2,0 µL   PNK enzyme (5 U/µL) 
1,0 µL   Primer A (25 µM) 
1,0 µL   Primer B (25 µM) 
5,5 µL   ATP (100 µM) 
13  µL   H2O 
25 µL   Total 

The mix was then incubated at 37°C for 30min and heat-inactivated at 65°C for 5min. 

2.1.5. Gel-electrophoresis of DNA: 
Agarose gel electrophoresis was used to separate and identify DNA fragments of 

different sizes. DNA of interest was mixed with approximately ¼ volume of loading buffer () 

and run on an 1% agarose gel at 100V in 1X TBE. The DNA fragments were visualized under 

UV illumination after an ethidium bromide bath. 

2.2. Amplification, cloning, extraction and DNA sequencing: 

2.2.1. Polymerase chain reaction (PCR): 
Polymerase chain Reaction was performed to amplify specific DNA sequences. This 

technique is based on the knowledge of the flanking sequence and the use of two 

oligonucleotides surrounding of the interest region in combination with a temperature 

resistant DNA-polymerase enzyme. In general, the PCR reaction mix contains: DNA 
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template, dNTPs, DNA-polymerase, 2 set of oligonucleotide complementary to the flanking 

region of interest. The amplification of the sequence is done by three major steps repeated 30-

40 times: (1) denaturation of the double stranded DNA, (2) annealing of the oligonucleotides 

to their complementary sequence, (3) extension, the oligonucleotides serve as primer for the 

chain synthesis provided by the DNA polymerase. 

Procedures: 
Reaction mix PCR preparation: 

50 pg 1 µg DNA template 
1,0  µL  Reverse primer (25 µM) 
1,0  µL  Pfu-polymerase (2,5 U/µL) 
XX µL  H2O 
25  µL  Total 

 
Amplification step description: 
  Step       Temperature  Time   Cycle   

Polymerase Activation 95°C   2 min   x 1 
Denaturation   95°C   30 sec   x 30 
Annealing   primer Specific 30 sec   x 30 
Extension   68°C   Size dependant x 30 
Final Extension  68°C   7 min   x 1 

 
PCR products were then analysed on 1% agarose 1X TBE gel and then purified using the 

GenEluteTMPCR Clean-Up kit. For the cloning purpose, the PCR products were purified on 

1% agarose by using QIAquick gel extraction from Qiagen®. 

2.2.2. PCR in vitro mutagenesis: 
In vitro PCR site mutagenesis was the method used to introduce point mutation into 

the DNA at a desired position or large sequence. This method requires two primers containing 

the desired mutation which should be previously phosphorylated in 5’ end. The primer are 

extends by using DNA-polymerase with a high 3’-5’ exonucleases proofreading activity in 

order to keep the error rate as low as possible. The PCR was performed in the same way as 

described in the previous section  but with an extended time for the extension step in order to 

amplified the entire plasmid. After the PCR was completed the PCR products were treated for 

1h with Dpn I in order to digest the parental DNA template and enrich the mutated 

synthesized plasmid DNA. The PCR products were then ligated used to transform E. coli 

cells. 

2.2.3. Cloning of PCR products into a plasmid vector: 
The cloning of PCR products into a plasmid vector involved the following steps: (1) 

Construction of recombinant DNA molecule by ligation of the desired DNA fragment into the 



Material and Methodes 
 

 
 269

selected plasmid (2) Transformation of the recombinant DNA molecules into cells (3) 

Selection and isolation of the transformants. 

The purified PCR products were cloned in the Topo TA PCR 2.1 from Invitrogen® 

(see Invitrogen® Topo TA cloning protocol). The Topo TA reaction mix was then used to 

transform DH5α E. coli competent bacteria. The discrimination between true positive and 

false positive was provided by a simple digestion of the plasmid by the restriction enzyme 

NcoI, which give two fragments (first at 2644 nt, second at 1564 nt). In order to extract the 

insert form Topo TA vectors, a double digestion by EcoRI and HindIII was used. Then the 

insert was purified on Agarose gel 1% by using QIAquick gel extraction from Qiagen®. The 

purified insert was then cloned in linearized dephosphorilated Puc19 plasmid. The mix 

(insert-plasmid) was then used to transform DH5α E. coli competent bacteria The 

discrimination between true positive and false positive was provided by a simple digestion of 

the plasmid by the restriction enzyme EcoRI and NcoI, which give two fragments (first at 192 

nt Gir1 P9 truncated, second at 2718 nt). 

2.2.4. Plasmid extraction: 
The procedure used to extract plasmid DNA from bacterial cell cultures is based on 

the alkaline lysis procedure. Extracted plasmids were used for most purpose e. g. sequencing, 

PCR templates and transcription templates.  

 
Procedures: 
Material: 
M-solution I:  50 mM glucose, 25 mM Tris-HCl ph 8.0, 10 mM EDTA 
M-solution II:  0,2 N NaOH, 1% SDS 
M-solution III: 3 M KAc, 11,5 mL Acetic Acid, add water to 100 mL 
 
Plasmid extraction: 

1) 2-10 mL cell-suspension was transferred into a new falcon tube. 
2) Cells were centrifuged for 5min at 6000 rpm, and the supernatant was discarded. 
3) The cells pellet was resuspended in 100 µL ice-cold M-solution I by vortexing. 
4) The cells were then lysed under alkaline conditions by adding 200 µL of fresh M-

solution II. The solution was mixed by gently inverting the tube a few times. 
5) Neutralization was then provided by adding 150 µL of M-solution III. 
6) The mixture was spun down at maximum speed for 5 min, the supernatant was then 

transferred into a new Eppendorf tube and treated with1 µL of RNase A (2 mg/mL) 
7) The plasmid was then recovered by PCI extraction followed by ethanol precipitation. 
 

2.2.5. Sequencing: 
Sequencing was done using the Thermo Sequenase Cycle Sequencing Kit from USB. 

Reactions were carried out according to the supplied protocol. 
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Procedures: 
Sequencing mix: 

 2  µL  Buffer 5X 
 1  µL  Primer 5’ end labelled 
 1  µL  Enzyme (Thermo Sequenase DNA polymerase) 
X  µL  DNA template 
X  µL  H2O 
17 µL  Total 

4 µL of the sequencing mix was added to each PCR tube that contains 4 µL of the one of the 

dd-nucleotide. The PCR was run with cycling parameters of 50 cycles (95°C, 30 sec; 48°C, 30 

sec; 72°C, 1 min). The reaction was stopped by adding 8,0 µL of UBB loading buffer. 

 

3. Methods for the study of RNA: 

3.1. General technique of RNA manipulation: 
Generally water used for all experiments was DEPC treated. DEPC inactivates RNases 

by modifying histidine and tyrosine residues. DEPC is added to a final concentration of 0.1% 

(v/v). The solution is vigorously shaken and left shaking O/N.DEPC is degraded by 

autoclaving. 

3.1.1. Quantification of the RNA concentration: 
RNA concentrations were routinely quantified spectrophotometrically on a Nanodrop 

ND-1000 (Thermo Scientific) by measuring the optic density (OD) at 260nm. OD260 = 1.0 

equals 40µg/ml ssRNA. The absorbance values at 280nm were also measured. The 

OD260/OD280 ratio provides an estimate of the purity of the RNA solution. Pure RNA has a 

ratio of 1.8-2.1 in 10mM Tris-HCl, pH 7.5. 

3.1.2. Phenol chloroform extraction (PCI-extraction): 
PCI-extraction was carried out using commercially available Phenol: Chloroform: 

IsoAmylalcohol (PCI) by adding 1x volume PCI, vortexing vigorously followed by 

centrifugation for 1min. at 5000xg. The upper RNA containing water phase was transferred to 

a new Eppendorf tube. Generally, the PCI was buffered to pH 8.0, but for extraction of total 

cell RNA pH was kept at 6.6 to exclude DNA. 

3.1.3. Ethanol precipitation: 
RNA was precipitated by addition of 1/10 volume of NaAc 3M pH 6 and 2,5x 

volumes of 96% and leave on dry ice for minimum 15min or at -20°C O/N. Next the RNA 

was precipitated by centrifugation for 30min at 16.000xg. The supernatant was removed and 
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the pellet was washed in 150µl of 70% EtOH centrifuge for 10min. Remaining ethanol was 

evaporated by drying the pellet under vacuum in a SpeedVac. If the RNA concentration of the 

mixture desired to precipitate was low, glycogen was added as carrier.  

 

3.1.4. Gel-electrophoresis of RNA: 

3.1.4.1. Denaturing formaldehyde agarose gels: 
Didymium Iridis total RNA was separated on a denaturing formaldehyde agarose gel. 

1,2% formaldehyde agarose gel was made by boiling 1,2 g of agarose in 90 mL of water. The 

solution was cooled to 60°C. Then, 4 mL of 25X MOPS and 5,36 mL of 37% formaldehyde 

were added, and after at least half an hour at room temperature the gel polymerized. 2,7 vols. 

Of Formaldehyde-agarose loading buffer per µL of RNA were added. The mix was heated for 

10 min at 70°C and then loaded on the gel. The gel was run at 2 V/ cm for approx. 3 hrs. 

3.1.4.2. Polyacrylamide gels: 

3.1.4.2.1. Denaturing polyacrylamide gels (UPAG-gel): 
Denaturing polyacrylamide gel electrophoresis is a method commonly used to separate 

DNA/RNA fragments of different size. Transcription, sequencing reactions, primer extension 

reactions and product of cleavage reaction were separated on denaturing polyacrylamide gels. 

TEMED and APS 10% were added to the gel mix in the amount of 10 µL and 30 µL per 10 

mL mix, respectively. 

 

Analyzing gels (40x32cm): 6%, 8%, 10% or 15% acrylamide (29:1), 50% urea, 1xTBE 

 

Preparative gels I (28x15cm): 4% or 5% acrylamide (29:1), 50% urea, 1xTBE 

 

The polymerization of the gel was done at room temperature for 45 min to 1h at room 

temperature. The gel was then run at 2,1 kV (65 Watt) in 1X TBE.  

 

3.1.4.2.2. Native polyacrylamide gels (PAG-gel): 
Native polyacrylamide gel electrophoresis is a method commonly used to study the 

folding dynamics and the conformation homogeneity of a RNA population. For those 

experiments, the protocol was adapted from various examples found in the literature and some 
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tests were provided with the Azoarcus pre-tRNA ribozyme in order to reproduce the results 

from various publication (Lilley, 2008a; Pan et al., 1997).  

 

Procedures: 
Running buffer: 
  132 mL 66 mM HEPES pH 7,5 (1 M) 
    68 mL 34 mM Tris HCl pH 7,5 (1 M) 
      6 mL   3 mM MgCl2 (1 M) 
           1794 mL H2O 
           2000 mL Total 
 
Native gel preparation: 
  17,5 mL 10 % Acrylamide (40%) 
    2,4 mL 34 mM Tris HCl pH 7,5 (1 M) 
    4,6 mL 66 mM HEPES pH 7,5 (1M) 
   210  µL   3 mM MgCl2 (1M)  
  45,3 mL H2O 
     70 mL Total 

TEMED and APS 10% were added to the gel mix in the amount of 10 µL and 30 µL per 10 

mL mix, respectively. After polymerization the gel was placed in the operating system and 

cooled down with the running buffer at 5°C (15 to 30 minutes) before the loading of the 

samples. After the loading of the samples the gel was run for 6-8 hrs at 4°C at 15 Watts. 

3.2. Preparation of RNA by In vitro transcription: 
The basic strategy in order to prepare a template for in vitro transcription is to place 

the sequence of interest downstream of the T7 promoter. The promoter covers the sequence 

ranging from -17 to +6 with +1 being the first nucleotide of the transcribed region (Figure 

55). Thus, there is not complete freedom in the choice of the sequence at the very 5’-end of 

the in vitro transcript. Most T7 promoters, like class III promoters (Milligan et al., 1987), 

have G’s at +1, +2, and +3, and the first two G’s are critical for transcriptional yield. The 

alternative class II promoters initiate with an A and have a similar preference for G’s at +2 

(Huang and Yarus, 1997).The termination of the in vitro transcription occurs usually by “run 

off”, that is when the polymerase falls off at the very end of the template. With the PCR and 

oligo templates this is defined by the ends of the template products. With cloned templates 

this is achieved by linearizing the plasmid by restriction enzyme digestion downstream of the 

sequence of interest. However during run-off transcription T7 RNAP has a tendency to 

incorporate one or several non-templated nucleotides at the 3’-end, thus leaving the pool of 

transcripts with heterogeneous 3’-ends. 
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Figure 55 

(A) Consensus sequence of (class III and class II) T7 RNA polymerase promoter with 
indication of the +1 nucleotide (bold; corresponds to the first nucleotide in the transcript). (B) 
When the DNA template is incubated in the presence of T7 RNA polymerase and rNTPs, a 
transcript is made as indicated with a triphosphate at the 5’-end.  

3.2.1. Template preparation: 
Two different strategies were used for the template DNA. The first strategy implies the 

use of DNA templates that were generated by PCR. In this case the T7 promoter was added to 

the PCR products by including the promoter sequence at the 5’ end of the forward primer. 

When small amounts were needed, PCR-products were probably the most convenient due to 

the flexibility in design of the template and the ease its production. The second strategy 

consists in the cloning of the DNA template including a T7 promoter immediately 5’ of the 

sequence to be transcribed in a pUC18 or pUC19 plasmid that doesn’t contain a built-in T7 

promoter in opposition with other plasmids (e.g. the pBluescript (Stratagene) and pGEM 

(Promega)). The second strategy was used when large amounts of RNA were required, using 

simple and economical techniques based on bacterial culture and plasmid extraction to create 

the template. 

3.2.2. Transcription by using the T7-polymerase: 
In vitro transcription was performed by using commercial T7 RNA polymerase, and 

the reaction was carried out according to the supplied protocol. However, the commercial T7 

RNA polymerase could be easily replaced by an in-house T7 RNA polymerase made by 

expression and purification of an His-tagged T7 RNA polymerase (plasmid pT7-911Q) 

(Ichetovkin et al., 1997) in order to prepare large scale amount of RNA. 
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Procedures: 
Transcription mix: 

 5,0  µL Transcription Buffer 5X 
 5,0  µL rNTPs (2,5 mM each) 
 0,8  µL DTT (1M) 
 3,0  µL PCR Template 
 1,0  µL T7-polymerase (20 U/µL) 
10,2 µL DEPC H2O  
25  µL  Total  

1 to 2 µL of [α-32P] UTP can be added to get body labelled RNA. 

The mix was then incubated at 37°C for 1-4 hrs. After the transcription reaction PCR product 

were digested by using 1 µL of DnaseI for 15min at 37°C. Then RNA was recovered by PCI 

extraction and ethanol precipitation. Alternatively the RNAs can be purified on 5% UPAG 

gel. 

3.3. End labelling of the RNA: 

3.3.1. 5’ end labelling: 
In vivo or in vitro synthesised RNA generally contains a 5’ phosphate(s). Prior to 

labelling these phosphates must be removed. However, the dephosphorylation of in vitro 

transcribed RNA can be avoided if a diribonucleotide, such as ApG is included in the 

transcription mixture. This diribonucleotide will be incorporated at the 5’end of the transcript.  

 
Procedures: 
Dephosphorylation of the in vitro transcribed RNAs:  

5,0 µg  RNA 
2,5 µL  Antarctica phosphatase buffer 10X 
2,0 µL  Antarctica phosphatase enzyme (5 U/µL) 
25  µL  Total 

Before the dephosphorylation reaction the RNAs are heat denatured at 95°C for 30s to 1min 

and cool down on ice. The mix reaction was then incubated at 37°C for 30min and heat-

inactivated at 65°C for 5min. The RNAs were then recovered by PCI extraction and ethanol 

precipitation. The RNAs were then dissolved in 10µL DEPC H2O. 

 
5’ end labelling of the RNA by [γ-32P] ATP: 

10   µL  Deposphorylated RNA 
2,5  µL  PNK-A buffer 10X 
1,0  µL  PNK enzyme (10 U/µL) 
5,0  µL  [γ-32P] ATP (3000 Ci/mmol) 
11,5µL  H2O 
25   µL  Total 
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Before the 5’end labelling reaction the RNAs are heat denatured at 95°C for 30s to 1min and 

cool down on ice. The mix reaction was then incubated at 37°C for 30min to 1h and heat-

inactivated at 65°C for 5min directly followed by purification of the 5’end labelled transcript 

on UPAG 5%. 

3.3.2. 3’ end labelling: 

3.3.2.1. By using the T4 RNA ligase: 
The 3’ end labelling of RNA was done by ligating [α-32P] pCp to the 3’ end using the 

T4 RNA ligase. The advantage of this ligase method is that the radioactive pCp is relatively 

easy to produce from standard radioactive nucleotides (Kjems et al., 1998). However during 

run-off transcription T7 RNAP has a tendency to incorporate one or several non-templated 

nucleotides at the 3’ end, thus leaving the pool of transcripts with heterogeneous 3’ ends. By 

using this ligase we obtain a pool of transcripts with heterogeneous 3’ end labelling. 

 
Procedures: 
Preparation of [α-32P] pCp from Cp and [γ-32P] ATP: 

2,0 µL  PNK-A buffer 10X 
1,0 µL  Cp 3 mM 
1,0 µL  PNK enzyme (5 U/µL) 
10  µL  [γ -32P] ATP (3000 Ci/mmol) 
1,0 µL  ATP 25 µM (can be omitted if higher activity is needed) 
20 µL  Total 

Incubation at 37°C for 30 min and heat-inactivate at 70°C for 5 min. The [α-32P] pCp is 

directly use in the ligase reaction. 

 
3’ end labelling of the RNA by ligating [α-32P] pCp: 

2,0 µg  RNA  
2,0 µL  T4 RNA Ligase Buffer 10X 
5,0 µL  pCp Mix previously prepared 
2,0 µL  ATP 1 mM 

         1,0 µL to 2,5µL  DMSO 100% 
1,5 µL  T4 RNA Ligase (5 U/µL) 
20  µL  Total 

The RNAs are previously heat denatured at 95°C between 30s to 1min before the reaction. 

Then the incubation takes place at 4°C overnight or 2h at RT directly followed by purification 

of the 3’end labelled transcript on UPAG 5%. 

3.3.2.2. By using the Klenow Fragment: 
In order to obtain RNA with a specific 3’ end labelling that avoids non-precise 

termination of transcription by the T7 polymerase, we have use short DNA oligonucleotide 



Material and Methodes 
 

 
 276

complementary to the 3’ end of the targeted RNA in combination with the use of Klenow 

fragment of DNA polymerase I and [α-32P] dCTP (Huang and Szostak, 1996). However, the 

Klenow fragment of DNA polymerase I may non-specifically extend the 3’ end of the DNA 

oligonucleotide, thus making the labelling inefficient. To increase the efficacy of the 3’ end 

RNA labelling, the 3’ end of the DNA oligonucleotide has to be modified (i.e. dideoxy 

modification) and the 5’ end should contain 3’ GCC 5’ overhang (Figure 56) (Shcherbakova 

and Brenowitz, 2008). 

 
Figure 56 

Schematic representation of 3’-end labelling strategy. The 3’ end domain of the DiGIR1 
ribozyme is presented as an example. Its 3’ end is labelled by addition of a [α-32P] dCTP by 
the Klenow fragment of DNA of the polymerase, following the annealing of DNA 
oligonucleotide (red part) with 3’-GCC-5’ overhang (blue letters) and the dideoxy modified in 
3’-end of the primer. 
 
Procedures: 
Mix 1: 

3,0 µg  RNA 
1,0 µL  Annealing buffer 10X (140 mM Tris HCl, pH 7, 400 mM NaCl, 2 mM EDTA) 
10  µL  Total 

The Mix 1 should be heat denatured at 95°C for 1min and slowly cool down to 37°C 

(1°C/sec) and subsequent incubation on ice for 10 min. Then to the Mix 1 add Mix 2: 



Material and Methodes 
 

 
 277

Mix2:  

3,0 µL  Klenow Fragment 10X buffer 
8,0 µL   [α-32P] dCTP (3000 Ci/mmol) 
1,0 µL  Klenow Enzyme (10 U/µL) 
30  µL  Total 

Incubation at 37°C for 2h and heat-inactivate at 95°C for 2 min by adding UBB directly 

followed by purification of the 3’end labelled transcript on UPAG 5%. 

3.4. Working with GIR1 ribozymes: 
DiGIR1 catalyses three different reactions. The natural reaction is the branching 

reaction (1 in Figure 57) in which a transesterification at the IPS results in the cleavage of the 

RNA with a 3’OH and a downstream lariat cap made by joining of the first and the third 

nucleotide by a 2’,5’  phosphodiester bond. In vitro, DiGIR1 catalyses the reverse reaction (2 

in Figure 57), referred to as the ligation reaction. It is very efficient to the extent that the 

forward reaction is completely masked in reactions with full-length intron and length variants 

that include more than 166 nucleotides upstream of the IPS. The branching reaction is isolated 

from the reverse reaction by cleavage in the presence of 2 M urea that inhibits the ligation 

reaction. Finally, DiGIR1 catalyses hydrolytic cleavage at the IPS (3 in Figure 57) at a 

relatively low rate. This is the cleavage reaction observed with the full-length intron and 

several length variants. The hydrolytic cleavage is irreversible and is considered an in vitro 

artefact resulting from a failure to present the branch nucleotide (BP) correctly for catalysis. 

 
Figure 57 

Reactions known to be catalysed by GIR1 branching ribozyme. The main activity (1) is the 
branching activity. However, the branching reaction is highly reversible and can even be 
masked by ligation reaction (2). A hydrolytic cleavage reaction (3) is less pronounced and 
only observed in vitro. (4) Hypothetical reaction that  has not been observed (dashed  arrows)  
 
Procedures: 
Cleavage kinetic of the GIR1 ribozyme: 
Material: 
Refolding buffer 2X:  2 M KCl, 50 mM MgCl2, 20 mM Acetat (pH 5.47) 
Start buffer 25 mM:  47,5 mM Hepes (pH 7.5), 1 M KCl, 25 mM MgCl2 
 
Mix reaction: 
    X µL  RNA  
  5,0 µL  Refolding buffer 2X 
    X µL  H2O 
  10  µL  Total 
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The RNAs are previously heat denatured at 95°C between 30s to 1min before then the RNA 

are refolded at 45°C for 5 min. The cleavage reaction starts by adding 4 volumes of Start 

buffer. Aliquot of the reaction mixture were then uptake and mix with UBB loading buffer to 

stop the reaction. The samples were heat denatured before loading on 8% UPAG gel. 

 

3.5. Probing in solution of the RNA structures: 
Structure probing in solution is based on the reactivity of the RNA molecules toward 

chemical or enzymes that have specific target on it. All the probes are used under statistical 

conditions, where less than one cleavage or modification occurs per molecule. The 

identification of the cleavages or modifications can be done by two different techniques 

depending on the length of the RNA molecule and the nature of the nucleotide positions 

probed. The first technique, which requires end labeled RNA, only detects scissions in the 

RNA and is limited to molecules containing less than 300 nucleotides. The second approach is 

most likely an indirect method, by using primer extension in order to detect stops of the 

reverse transcription at modified or cleaved nucleotides. 

3.5.1. Fe-EDTA probing: 
Footprinting describes assays which investigate ligand binding or conformational 

changes by monitoring the accessibility of a nucleic acid backbone to an exogenous probe. 

Quantitation of the accessibility is achieved by chemical and/or enzymatic probes which 

modify or cleave the nucleic acids. Amongst the available chemical footprinting probes 

(Brunel and Romby, 2000) •OH radicals offer a unique combination of properties as they are 

highly reactive and cleave the RNA backbone without nucleotide or base pairing specificity 

(Latham and Cech, 1989). Due to the similar size of water molecules and hydroxyl radical 

(•OH), •OH footprinting reports the solvent accessible surface of a RNA molecule, and 

provides quantitative information about the structural changes associated with 

macromolecular folding, interactions and ligand binding. Structure probing in solution of the 

GIR1 ribozyme was done by using the hydroxyl radical footprinting in order to get a better 

understanding of the ribozyme folding. 
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Procedures: 
Fe-EDTA reaction: 
Mix reaction: 
    X µL  RNA 5’ or 3’ end labelled (~ 50 000 cpm/µL) 
  1,0 µL  Fe ((NH4)2Fe(SO4)2 75 mg/ml) 
  1,0 µL  EDTA pH 8.0 (150 mM) 
  1,0 µL  DTT (375 mM) 
  1,0 µL  H2O2 (15 %) 
    X µL  H2O 
  25  µL  Total 

Reactions were quenched after 2 min at room temperature by ethanol precipitation at -80°C 

for 15 min by adding 175 µL H2O, 1/10 volume of 3 M sodium acetate (pH 5), 3 volume of 

ethanol 96% and 1µg of carrier tRNA. Samples were pelleted, dried and dissolved in 6 µL of 

denaturing blue loading buffer with 5M urea. Before loading on 15 % denaturing 

polyacrylamide gels the samples were heated at 95°C. 

 

RNase T1 ladder preparation: 
Material: 
Buffer ΔT1: Citrate NaOH 20 mM, EDTA 1mM, Urea 7 M, 0,05 % Xylene Cyanol, 0,05 % 

Bromophenol blue 
Mix reaction: 
  X µL  RNA 5’ or 3’ end labelled (~100 000 cpm/µL) 
  5 µL  Buffer ΔT1 
  1 µL  Cold RNA 2 mg/mL 

The mix was preincubated at 50°C for 5 min, then 1µL of RNase T1 (28 U/μl) was added. 

The mix was then incubated for 10 min at 50°C. The reaction was stopped by adding 4 µL 

UBB and heated denatured before loading on 15 % denaturing polyacrylamide gels. 

 
Alkaline ladder preparation: 
Material: 
Buffer L: carbonate de NaOH 0,1 M (Na2CO3/NaHCO3 100 mM each) pH 9,2; 1 mM 

EDTA 
Mix reaction: 
  X µL  RNA 5’ or 3’ end labelled (~100 000 cpm/µL) 
  5 µL  Buffer L 
  1 µL  Cold RNA 2 mg/mL 

The mix was incubated for 3 min at 95°C. The reaction was stopped by adding 4 µL UBB and 

loaded on 15 % denaturing polyacrylamide gels. 

3.5.2. Chemical probing: 
Structure probing was performed essentially as described in (Kjems 1998). Briefly, 4 

µg of in vitro transcript in 200 µL (chemical modification) or 40 µL (enzymatic reaction) in 
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probing buffer on ice (270 mM KCl, 10 mM MgCl2, 1 mM DTT, 70 mM HEPES-KOH (pH 

7.8)) was incubated with the probe. The following specific conditions were applied. DMS: 

2µL of 50% DMS for 20 min. DEPC: 7µL for 30 min. Kethoxal: 20 µL of 40 mg/mL for 75 

min. CMCT: RNase T1: 0.1 U or 0.2 U. RNase T2: 0.5 U or 1 U. RNase A: 0.05 U or 0.1 U. 

RNase V1: 1/300 U or 2/300 U. All reactions were terminated by ethanol precipitation and 

subjected to primer extension reactions as previously described (Einvik 1998, Einvik 2002). 

3.6. Primer extension and RNA direct sequencing: 
Primer extension is one of the most common methods used to measure the amount, the 

size of the RNA. This method is also used to map and quantify the 5’ end of RNAs. 

Generally, an end labeled oligonucleotide, between 10 to 18 nucleotides, is hybridized to 

RNA and then extended using reverse transcriptase to produce single-stranded cDNA. The 

reverse transcriptase stops at points either where the RNA was modified by chemical probe or 

strong secondary structure, or either where a break is introduced e.g. self-cleavage reaction, 

enzymatic reaction or degradation. The stops due to the pause of the reverse transcriptase are 

mapped in a denaturing gel electrophoresis by comparing the cDNA length with a sequence 

ladder (e. g. direct RNA sequencing or basic DNA sequencing ). This general method was 

used first to detect the modification induce by a chemical probe and second to detect and 

quantify the branching reaction of the GIR1 ribozyme. 

 

Procedure: 
Basic Primer extension: 
Annealing mix : 
    X µL  RNA template 
    X µL  H2O 
  1,0 µL  primer 5’ end labeled 
  1,2 µL  RT-Buffer 5X (Fermentas M-MuLV) 
  6,0 µL  Total 

The annealing was heated at 81°C for 1min and slowly cooled down to 42°C and incubated 

for 10 min at 42°C. Then to the annealing mix was added: 

RT mix: 
  0,8 µL  RT-Buffer 5X (Fermentas M-MuLV) 
  1,0 µL  dNTPs (2 mM) 
  0,1 µL  RT-Enzyme (Fermentas M-MuLV H-, 200U/µL) 
  2,1 µL  H2O 
  4,0 µL  Total 
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The final mix was incubated at 42°C for at least 1 hrs. The reverse transcription reaction was 

then stooped by adding 10 µL UBB loading buffer and denatured at 95°C prior to run on gel 

with appropriate sequencing ladder. 

  

RNA direct sequencing: 
Materials: 

dNTPs  0,5   mM 
ddGTP  0,25 mM 
ddATP  0,5   mM 
ddTTP  1,0   mM 

 ddCTP  0,5   mM 
Annealing mix : 
    X µL  RNA template 
    X µL  H2O 
  2,0 µL  primer 5’ end labeled 
  2,4 µL  RT-Buffer 5X (Fermentas M-MuLV) 
           12,0 µL  Total 

In 4 Eppendorf tubes 0,5 µL of dd-NTP was mixed with 3 µL of the annealing mix. The mix 

was heated at 81°C for 1min and slowly cooled down to 42°C and incubated for 10 min at 

42°C. Then to the mix 1 was added 1,5 µL of the RT mix 

RT mix: 
  1,6 µL  RT-Buffer 5X (Fermentas M-MuLV) 
  2,0 µL  dNTPs (0,5 mM) 
  0,3 µL  RT-Enzyme (Fermentas M-MuLV H-, 200U/µL) 
  2,1 µL  H2O 
  6,0 µL  Total 

The final mix was incubated at 42°C for at least 1 hrs. The reaction was then stooped by 

adding 5 µL UBB loading buffer and denatured at 95°C prior to run on gel. 

4. Culture of the slime mould Didymium iridis: 

4.1. E .coli-KB culture: 
The E. coli-KB (strain given by Professor S. Johansen) served as source food for the 

slime mould Didymium iridis. This E. coli-KB was grown like any other strain of E. coli. 

 
 
Procedures: 
Buffer: 
LB-media: 25g yeast extract, 50g Tryptone, 25g NaCl, dH20 ad 5 liters, autoclave for ½ an hour at 120oC. Or 

20g LB Broth (Difco) dH20 ad 1liter, autoclave for ½ an hour at 120oC. 
TM-buffer: 1.0ml 1M Tris-HCl (pH 8.0), 2.5ml 1M MgSO4, dH2O ad 100ml, autoclave for ½ an hour at 

120oC. 
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Growing and harvesting E. coli-KB: 
1) 400ml LB-media was inoculated with 20µl of 10X E. coli-KB from freeze stock or 

previous 5oC-stock.  
2) The cells were incubated with shaking at 37oC O/N. 
3) The E. coli-KB was harvested 2x 180ml by centrifugation at 1450g. 
4) Cells pellet was resuspended in 2x 18ml TM-buffer and stored at 5oC. 
 

4.2. Growing of the slime mould Didymium iridis: 
The slime mould Didymium iridis Lat3-5 strain derived from the Pan2-44 isolate as 

previously described in (Johansen et al., 1997a) was cultivated. The cells were grown at 25°C 

by calmly shaking in liquid media (DS/2) with 1/5 of the volume being 10X E. coli-KB 

functioning as source food for Didymium. The cells concentration in the growing media was 

determined by using Burker-Turk cell-counter plate (manual method) or by using Casy® cell-

counter from Innovatis® (automatic cell-counter). According to time of growing, the cells 

concentration, the position in the grow curve (Figure 58) and the cells differentiation stage, 

the cells were harvested as previously described in (Vader and Nielsen, 1999). 

 
Figure 58 

Time course of culture growth, showing starvation and subsequent encystment of vegetative 
Dydimium iridis Lat 3-5 cells with the cells differentiation according the growing time. The 
time points when total number of Didymium cells, number of encysted cells or amount of E. 
coli food was measured are indicated. 
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Procedures: 
Buffer: 
DS/2-media: 1.0g D-glucose, 0.5g yeast extract, 0.1g MgSO4, 1.0g KH2PO4, 1.5g K2HPO4, dH2O ad 1 liter, 

autoclave for ½ an hour at 120oC. 
 
Growing Didymium cells: 

1) 24 mL of 25°C pre-warmed DS/2 was poured in 200 mL PYREX glass previously 
washed and baked at 200°C. 

2) 5 mL of 10X E.coli-KB was added to the DS/2 media. 
3) 1 mL of 106-107 cell/ml was added to the mix DS/2 media-E.coli-KB. 
4) The cells were grown at 25°C by calmly shaking.  

 
Harvesting cells procedure: 

1) 2-10 mL cell-suspension (~106-107 cells/ml) was transferred into a new falcon tube. 
2) Cells were harvested cells by spinning at 450g for 5min, at the same temperature than 

the growing condition in order to avoid cold/Heat shock stress. 
3) The supernatant that contains the majority of bacteria was poured in a new falcon tube 

for determination of harvest efficiency.  
4) The Didymium cells were then washed with 20 mL of DS/2-media and spin down at 

450g for 5min. 
5) The supernatant was then poured in a new falcon tube for determination of 

harvest/washing efficiency 
Cells pellet was then resuspended in DS/2 media with no yeast extract. The washing of cells 
(Step 4-5) can be repeated if the cells need to be absolutely free from the bacteria. 

4.3. In vivo probing: 
 

In vivo DMS modification (Additional steps after step 4 in protocol for “Harvest of 
Didymium cells”) (Modified from Zaug & Cech 1995) 
 

4a) Resuspend cell pellet in 4ml DS2 (Excluded yeast extract). At least 3 tubes necessary. 
4b) Add to one tube 10-90 µl DMS (27-240mM final concentration). Incubate at RT for 2 

min. gently rocking the cell suspension. 
4c) Quench the DMS reaction by adding 200 µl β-Mercaptoethanol (0,7M final 

concentration) and add equally 200 µl β-Mercaptoethanol to one control tube, whilst 
last control tube is blank.  

4d) Harvest cells as described from step 3 in protocol for “Harvest of Didymium cells”. 
 

4.4. Total RNA extraction: 
 
GuSCN-stock: 152g GuSNC, 5.3ml 1.5M NaCl, 8ml 20%sarcosyl (filtrated not autoclaved), 6.4ml 0.5M 

EDTA (pH 8.0), dH2O ad 200ml. Heat to 65oC to dissolve. While warm filter through 45µm 
nitrocellulose filter. Increase volume to 197ml.  

RNazol: 80ml phenol (1g 8-hydroxyquinoline in 500g phenol), 49.2ml GuSCN-stock, 0.8ml β-
mercaptoethanol, 8ml 2M NaAc (pH 4.0), 30ml dH2O. 

 
1) Resuspend cell pellet in RNAzol (2,5ml per 107 cells). Shake vigorously. 
2) Add 0,2x vol. of chloroform. Shake vigorously. 
3) Rest on ice for 20 min., occasionally turning the tube up-side down. 
4) Spin 1.811g, 20 min.  
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5) Transfer H20 phase to glass Corex tube. Add 1x vol. isopropanol. Incubate O/N at 5oC. 
6) Centrifuge at 16.500g, 40 min. 
7) Discard supernatant; add 1ml 70% EtOH, 0,25M NH4Ac. Centrifuge at 16.500g, 10 

min. 
8) Discard supernatant and dry pellet at room temperature for around 30 min. 
9) Resuspend pellet in around. 600µl H20. 
10) Determine concentration and purity by 260nm absorbance and 260/280 ratio 

respectively. For precise determination of concentration: confirm absorbance with 
Ribogreen Assaytm.  
 

5. Oligonucleotide table: 
 

oligos  sequence size Made for DiGIR

C287 AAT TTA ATA CGA CTC ACT ATA GGG TTG GGA AGT ATC AT  38 

DiGIR1; 
T7prom + 5’end 
(162)  162. 

C288 TCA CCA TGG TTG TTG AAG TGC ACA GAT TG  29 

DiGIR1; 3’-
oligo same as 
OP12 .65 

C289 TTA ATA CGA CTC ACT ATA GGT TGG GTT GGG AAG TAT CAT 42 

DiGIR1; 
T7prom + 5’end 
(166) 166. 

C291 GAT TGT CTT GGG AT 14 
DiGIR1; for PX 
of IPS1/2 PX 

C292 AAT TTA ATA CGA CTC ACT ATA  GTT TTG GTT GGG TTG GGA AGT ATC AT  47 

DiGIR1; 
T7prom + 5’end 
(171) 171. 

C293 AAT TTA ATA CGA CTC ACT ATA GTT GGG AAG TAT CAT 36 

DiGIR1; 
T7prom + 5’end 
(160) 160. 

C294 AAT TTA ATA CGA CTC ACT ATA GGG AAG TAT CAT 33 

DiGIR1; 
T7prom + 5’end 
(157) 157. 

C295 AAT TTA ATA CGA CTC ACT ATA  GGT TTT GGT TGG GTT GGG AAG TAT CAT 48 

DiGIR1; 
T7prom + 5’end 
(G171) 171. 

C296 
AAT TTA ATA CGA CTC ACT ATA GGG TTG GGA AGT ATC ATA GCT AAT CAC 
TAT GAT GCA  ATC GGG TTG AA 68 

DiGIR1; 
T7prom + 5’end 
(162)/ 
G85A;C95T- 
mut P2.1 

162. 
(P2.1 
Mut) 

C301 TCA CCA TGG TTG TTG A 16 

GIR1; short 
version of OP12 
(C288) for px  PX 

C302 TTC CTT TCA CCA TTG T 16 

GIR1; short 
version of 
C298  for px  PX 

C303 GAT TGT CTT GGG ATA CCG  18 
GIR1; re-named 
OP233   

C321 GCA TCC GGT ATC TCA AGA CAA TCA AAT CTA AGG 33 

GIR1; C241T 
(P2)  by QC, 
RNA-like   

C322 CCT TAG ATT TGA TTG TCT TGA GAT ACC GGA TGC 33 
GIR1; C241T 
(P2)  by QC, α-   
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sense 

C323 GCA TCC GGT ATC CTA AGA CAA TCA AAT CTA AGG 33 

GIR1; C242T 
(P2)  by QC, 
RNA-like   

C324 CCT TAG ATT TGA TTG TCT TAG GAT ACC GGA TGC 33 

GIR1; C242T 
(P2)  by QC, α-
sense    

C352 TAA TAC GAC TCA CTA TAG GAA CAC TTA ATT GGG TTA 36 
GIR1; T7-start 
P15  P15. 

C354 AAT TTA ATA CGA CTC ACT ATA GGT TGT CTT GGG AAG TAT CAT 42 
GIR1;T7mut 
GG69TC   

C363 CGT TCC GAA AGG AAG TAT CCG GTA TCC CAA G 31 
GIR1;C230U 
QC (sense)   

C364  CTT GGG ATA CCG GAT ACT TCC TTT CGG AAC G 31 
GIR1;C230U 
QC (a-sense)   

C365 CGT TCC GAA AGG AAG CGT CCG GTA TCC CAA G 31 
GIR1;A231G 
QC (sense)   

C366 CTT GGG ATA CCG GAC GCT TCC TTT CGG AAC G  31 
GIR1;A231G 
QC (a-sense)   

C513 GCA CGG CCC TGC CTC TTA GGT AAT GAA CAG TCG TTC CGA AAG G 43 
DiGIR1D15’’ 
(sense)   

C514 CCT TTC GGA ACG ACT GTT CAT TAC CTA AGA GGC AGG GCC GTG C 43 
DiGIR1D15’’ 
(antisense)   

C515 GCA ATC GGG TTG AAC ACT TAA GTG TTC TTG GGT TAA AAC GGT GGG GGA 48 
DiGIR1insP15’’ 
(sense)    

C516 TCC CCC ACC GTT TTA ACC CAA GAA CAC TTA AGT GTT CAA CCC GAT TGC 48 
DiGIR1insP15’’ 
(antisense)   

C557 CCT AAG CGC CCG GAC GGG CGT ATG GCC GTA ACA TCC GTC CTA A 43 

Insertion of Azo 
P5a into GIR1 
5’oligo   

C558 CCC ACC GTT TTA ACC CAA 18 

Insertion of Azo 
P5a into GIR1 
3’oligo   

C559 CGG GAG GCG AAA GCC CCG GGA AGC ATC CGG TAT CC 35 

Insertion of Azo 
P9 into GIR1 
5’oligo   

C560 GGA ACG ACT GTT CAT TGA AC 20 

Insertion of Azo 
P9 into GIR1 
3’oligo   

C594 CCG TAA CAT CCG TCG ACA GAC T 22 
GIR1 for 
deletion of P6   

C595 CCC ACC GTT TTA ACC CAA TTA 21 
GIR1 for 
deletion of P6   

C596 GAT GAA GGT CGA CAG ACT GCA CGG CCC T 28 
GIR1 insertion 
of Azo P6 ok   

C597 GGC GCA GGC GCC GAA GCT TGG CAG GGA TGT TAC 33 

GIR1 insertion 
of Azo P6 mut 
P4   

C598 
TAA TAC GAC TAC CTA TAG ATC CGG TAT TCG AAT CGG GTT GAA CAC CTT 
AA 50 

GIRAZO P1-
Wrong T7 P1. 

C599 GGC GCA GGC GCC GAA GCT TGG CAC GGA TGT TAC 33 
Azo P6 (1) 
corrected   

C600 
TAA TAC GAC TAC CTA TAG GTC CGG TAT TCG AAT CGG GCT GAA CAC CTT 
AA 50 

GIRAZO P1-
mut1-Wrong T7 P1. 

C601 
TAA TAC GAC TAC CTA TAG GTC CGG TAT TCG AAT CGG GCC GAA CAC CTT 
AA 50 

GIRAZO P1-
mut2- Wrong T7 P1. 

C602 TAC CGG ATG CTT CCT TTC GGA ACG ACT GTT  30 GIR1 IPS.6 .6WT
C603 GGA CCG AAA TCC TTA GTA CGG ATG TTA C 28 Nae-P6ins (1)   
C604 GGA ACG TCG ACA GAC TGC ACG GCC GT 26 Nae-P6ins (2)   
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C605 GTG TTC AAT GAA TCG TTC C 19 
GIR1 P8 
deletion (1)   

C606 AGG GCC GTG CAG TCT GTC T 19 
GIR1 P8 
deletion (2)   

C607 CAC CAT TGC GTT TGC CTT AGG TGA GGG CCG TGC AGT CTG TCG 42 Azo P8 ins (1)   

C608 AAT GAA CAG TCG TTC C 16 
GIR1 for 6-nt 
transposition   

C609 
AAT TTA ATA CGA CTC ACT ATA GAT CCG GTA TTC GAA TCG GGT TGA ACA 
CCT TAA   

P1 T7 promoter 
OK P1. 

C610 
AAT TTA ATA CGA CTC ACT ATA GGT CCG GTA TTC GAA TCG GGC TGA ACA 
CCT TAA   

P1-mut1 
promoter OK P1. 

C611 
AAT TTA ATA CGA CTC ACT ATA GGT CCG GTA TTC GAA TCG GGC CGA ACA 
CCT TAA   

P1-mut2 
promoter OK .6WT

C614 CCA TAG CGT TTG CCT TAG GCA GGG  CCG TGC AGT CTG TCG   

Azo P8 ins (1) 
for Peripheral 
element add   

C615 ATT TAA TAC GAC TCA CTA TTA GGG AAG TAT CAT   

DiGIR1; ApG 
T7prom + 5’end 
(157) 157. 

C616 ATT TAA TAC GAC TCA CTA TTA GTT GGG AAG TAT CAT   

DiGIR1; ApG 
T7prom + 5’end 
(160) 160. 

C617 ATT TAA TAC GAC TCA CTA TTA GGG TTG GGA AGT ATC AT    

DiGIR1; ApG 
T7prom + 5’end 
(162)  162. 

C618 ATT TAA TAC GAC TCA CTA TTA GGT TGG GTT GGG AAG TAT CAT   

DiGIR1; ApG 
T7prom + 5’end 
(166) 166. 

C619 CCG TCA CCA TGG TTG TTG AAG TGdC. 24 

Oligo for 3' end 
labeling .65 
GIR1 with 
Klenow 
enzyme !!   

          
     

C620 AAT TTA ATA CGA CTC ACT ATA GGT CCC TGT TAT TGA GGA C 40 
Npr 5’-oligo for 
T7-191.28 191. 

C621 TTT TAT GGT TAC CAT TTT GTA 21 
Npr 3’-oligo for 
T7-191.28 .28 

     

 OP878  
TCA CCA TGG TTG TTG AAG TGC ACA GAT TGG TAT CCG GAG ATT TGA 
TTG TCT TGG GAT 57 

GIR1;mut of 
hairpin I 
(“UTR1”) 

mut 
UTR1

OP879  
TCA CCA TGG TTG TTG AAG TGC ACA GAT TTC ATA GGA ATC TTT TGA 
TTG TCT TGG GAT ACC 60 

GIR1;mut of 
hairpin I 
(“UTR2”) 

mut 
UTR2

OP619 GGA TGC TTC CTT TCG GAA 18 
GIR1;3’deletion 
G1-.5 .5 

OP620 ACC GGA TGC TTC CTT TCG 18 
GIR1;3’deletion 
G1-.8 .8 

OP78 GAT ACC GGA TGC TTC CTT 18 
GIR1;3’deletion 
G1-.11 .11 

OP315 CTT GGG ATA CCG GAT GCT TCC TTT 24 
GIR1;3’deletion 
G1-.16 .16 

OP233 GAT TGT CTT GGG ATA CCG 18 
GIR1;3’deletion 
G1-.22 .22 

OP353 TTA GAT TTG ATT GTC TTG 18 
GIR1;3’deletion 
G1-.30 .30 

OP314 GGT ATC CTT AGA TTT GAT TGT CTT 24 GIR1;3’deletion .37 
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G1-.37 

OP235 GCA CAG ATT GGT ATC CTT 18 
GIR1;3’deletion 
G1-.46 .46 

OP12 TCA CCA TGG TTG TTG AAG TGC ACA GAT TG 29 
GIR1;3’deletion 
G1-.65 .65 

OP233 GAT TGT CTT GGG ATA CCG 18 
GIR1;3’deletion 
G1-.22 

.22-
mut 

OP233 GAT TGT CTT GGG ATA CCG 18 
GIR1;3’deletion 
G1-.22 

.22-
mut 

     
  Use for PCR for transcription templates preparation    

  

Use for 3' end labeling of RNA by using a DNA oligo 
modified in 3' end  with the Klenow fragment of the DNA 
polymerase 1     
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