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Abstract of the Dissertation 
 

 

Structural Insights into RNA Splicing in Group II Introns 

 

 

by 

 

 

Russell T. Chan 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2016 

 

Professor Navtej Toor, Chair 

 

 Group II introns are a class of ribozymes capable of self-excision from a nascent pre-

mRNA sequence via two sequential transesterification reactions. Due to the mechanistic and 

structural similarities, it is believed that the group II intron and the spliceosome share a 

common evolutionary ancestor. Splicing is a critical post-transcriptional modification that can 

be both beneficial, through alternative splicing, and detrimental, in the case of errors in the 

splicing process, to organisms. The work entailed in this dissertation aims to elucidate the 
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structural elements that are required for accurate and productive RNA splicing. In the first part 

of this dissertation, the structure of a bacterial pre-catalytic intron was determined in order to 

understand the architecture necessary to catalyze the first step of splicing. The crystal 

structure of this intron prior to the first step revealed the intact 5′ splice sit that exhibited a 

sharp, kinked phosphate backbone, which positions the scissile phosphate alone into the 

active site and promote the fidelity of the splicing reaction. The second part of this dissertation 

focused on the crystal structure of a eukaryotic group II intron to determine what structural 

elements are required to activate the intron for lariat formation. Surprisingly, DII was shown to 

have an integral role in interacting with DVI, with the identification of a novel tertiary 

interaction, π-π′ linking the helix of DVI adjacent to the bulged adenosine to a loop of DII. The 

third section details the crystal structure of the pre-2s group II intron. This structure reveals 

conserved junction nucleotide rearrangements within the catalytic triplex compared to previous 

group II intron structures. This suggests these junction nucleotides undergo rearrangements in 

order to facilitate the transition to the next step of splicing. Finally, the fourth project entails the 

biochemical and structural characterization of a novel GUAAY pentaloop identified in the lariat 

forming group II intron crystal structure. Based on the findings of this project, the pentaloop 

represents a new class of RNA tertiary interaction. 
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Chapter 1: Introduction 

1.1 Discovery of Catalytic RNAs 

 Since the discovery of the first catalytic RNA in the early 1980s1,2, the field of RNA 

biology has made significant discoveries impacting basic scientific research as well as health 

sciences. Prior to Tom Cech and Sidney Altman’s ground breaking discovery, for which they 

received the Nobel Prize in Chemistry, RNA was only viewed as a transient intermediate of 

genetic information in the central dogma of molecular biology. While the capability of RNA to 

both store genetic information and catalyze chemical reactions had been proposed earlier3–5, it 

was still a radical idea at the time. However, once the scientific community accepted the reality 

of catalytic RNAs, or ribozymes6, it led to numerous discoveries that expanded the function of 

RNA. Such discoveries of RNA function include, but not limited to, sensing metabolites to 

modulate gene expression7, silencing gene expression8,9, self-cleavage1,10,11, and synthesizing 

polypeptide chains12–14. 

 Tom Cech discovered that an intron RNA, later named the group I intron, could 

simultaneously self-excise itself from the RNA strand and ligate the flanking exons together in 

the complete absence of protein 1. This challenged not only the idea that RNA could function 

as a catalyst, but also the concept that introns were not simply just “junk” genetic material. In 

the following years, the phylogenetic analysis of auto-catalytic introns revealed two distinct 

categories, resulting in the “grouping” of introns into group I and group II introns15. Through 

electron micrographs, it was revealed that while the group I intron formed a linear RNA 

product following catalysis, the group II intron formed circular RNAs16 that were colloquially 

referred to as lariat RNAs. 
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Figure 1.1: Three systems of RNA splicing. left) The group I intron utilizes an exogenous 
guanosine to facilitate the first step of splicing. The second step results in ligated exons and a 
free linear intron that now has an additional G at the 5′ end. middle) The group II intron does 
not require an exogenous co-factor, and instead uses a conserved adensonsine located at the 
3′ on the intron for the first step of splicing. The second step produces ligated exons and a 
intron lariat. right) The spliceosome is a multicomponent-RNP that assembles on the pre-
mRNA. It splices through a similar pathway to the group II intron and produces identical 
splicing products. Exons are denoted in blue and yellow, intron in magenta. Taken from 
Biochemistry, 7th Ed17. 
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Figure 1.2: Electron micrograph of mitochondrial RNAs show both circular and linear 
forms. The authors were initially perplexed because the circular RNA withstood incubation at 
80° C and 70% formamide. Arrows highlight the circular RNAs in the micrograph. Taken from 
Halbreich et al16. 

 

 The group II intron catalyzes two sequential transesterification reactions in order to 

self-splice and ligate the flanking exon sequences together11, and this reaction does not 

require any protein co-factor in vitro and is independent of ATP. For the first step of splicing, 

the 2′ hydroxyl of a conserved adenosine located near the 3′ of the intron is activated for 

nucleophilic attack at the 5′ splice site. This reaction cleaves the 5′ exon-intron junction and 

releases the 5′ exon from the phosphate backbone. It also results in an unusual 2′-5′ 

phosphate linkage between the adenosine and the first nucleotide, and gives rise to the 
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circular, lariat intron. The second step of splicing occurs once the lariat bond has left the active 

site, thus allowing the 3′ splice site to enter the active site. Once the 3′ splice site is correctly 

placed in the active site, the 3′ hydroxyl of the 5′ exon is activated for nucleophilic attack on 

the 3′ splice site and results in the ligation of the flanking exons and release of lariat RNA 

intron. Due to the reversibility of the transesterification reactions, excised group II introns are 

capable of acting as a genetic mobile element and can reverse splice into ligated exons18,19. 

1.2 Group II Intron Structure and Function 

 The group II intron is a mobile retroelement12, with dual catalytic functionality to self-

splice itself from an RNA sequence as well as reverse splice itself back into double-stranded 

DNA. It consists of two basic components: a ribozyme domain that adopts a specific fold 

capable of catalyzing the splicing reaction, and an ORF interrupting the ribozyme domain that 

codes for a protein known as the maturase20. The ribozyme component adopts a specific 

secondary structure that is divided into six distinct domains21. 

 



5 
 

 
 

 

Figure 1.3: The secondary structure of group II introns. Colors of each domain are, in 
general, consistent within this body of work. DI: Green, purple, orange, grey, cyan. DI: blue. 
DIII: yellow. DVI: wheat. DV: red. DVI: magenta. 5′ exon: sky blue. 3′ exon: pale yellow. 
Courtesty of Jessica K. Peters. 

 

 The active site of the group II intron is composed of a catalytic triad as well as a two 

nucleotide22 bulge that are found within domain V (DV). These residues form a metal binding 

pocket that is responsible for recruiting the catalytic metals, M1 and M2. The catalytic role of 

M1 and M2 was first proposed in the mid-1980s23, but direct evidence did not come until the 

first atomic-resolution structure of the group II intron in 200824. The structure revealed the 
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catalytic triad participating in base triples in order to recruit the catalytic metals to the active 

site of the group II intron. 

 Domain I is located on the 5′ end of the intron and makes up the majority of the 

ribozyme structure. Indeed, the vast majority of tertiary interactions found within the group II 

intron involve DI. Both α-α′25 and β-β26′ are kissing loop interactions between the distal regions 

of DI. Interestingly, while the sequence of α-α′ is highly divergent among introns, disruption of 

this interaction through mutagenesis results in defective self-splicing activity27. It has therefore 

been identified to be an important structural element of the group II intron. These interactions 

are believed to be the first tertiary structures to be formed and therefore establish the structure 

of DI to set up the remaining tertiary interactions with the other domains. The sequence and 

length of these interactions are not strictly conserved, but their universal presence in group II 

introns suggest that they are critical to the overall intron architecture. ε -ε′ is a critical tertiary 

interaction that involves two WC base pairs between a region of DI and the third and fourth 

nucleotide of the intron28. Deletion of this interaction results in severe defects to the first step 

of splicing. The κ-κ′29 and ζ-ζ′30 interaction positions the base and tip of DV, respectively, to 

induce a ~70° bend in this region24. This bend is critical as it allows the DV 2-nt bulge to 

interact properly with the catalytic triad. In addition to the tertiary interactions with DV, DI 

contains Exon Binding Sequences that properly position the 5′ exon (EBS1 and EBS2) and 

the 3′ exon (EBS3)25. These interactions are composed of long-range WC base pairs which 

allows for sequence specific pairing and contribute to the accuracy of the splicing reaction. 

 Domain II contains a tertiary interaction that positions the tip DVI to a helix of DII, 

known as η-η′31, Domain II has been shown to not be required for the first step of splicing, with 

deletion of this entire domain having no effect on the formation of lariat-3′-exon intermediate, 

but results in a stalling of the second step and the formation of fully spliced products. This led 

to the hypothesis that domain II acted as an allosteric effector, which promoted DVI to be in an 

“up” state that corresponds to the first step and a “down” stage that corresponds to the second 



7 
 

 
 

step. A tertiary interaction was later proposed between a region of DI interacting with the 

internal loop of DVI and was named ι-ι′32. However, with the findings of this work, that model 

has come into question and a new model has been proposed (vide infra). 

 Connecting domains II and III is a highly conserved single stranded nucleotide linker, 

also known as J2/3. Within this linker are three critical nucleotides important for group II intron 

splicing. The first is the γ nucleotide28, which is critical for the second step of splicing by 

recognizing the last nucleotide of the intron through a Watson-Crick base pair. This interaction 

with EBS3 anchors the correct 3′ splice site into the active site to promote the second step of 

splicing, with mutations at this position severely affecting the rate and fidelity of second step of 

splicing33. Directly upstream of the γ nucleotide are two highly conserved nucleotides that form 

base triples with the first two positions of the catalytic triad34,35. This reinforces the active site 

architecture, but also places the γ nucleotide adjacent to the active site. Surprisingly, deletion 

of these two nucleotides results in a dramatic inhibition of the second step, with only a minor 

effect on the first step. 

 Domain III is a highly conserved region within the group II intron, but its precise 

function was unclear. A previous study identified a single tertiary interaction, μ-μ′36, which 

interacts with DV, but still failed to provide a rational for its conservation. Deletion of the entire 

domain resulted in an attenuation of the splicing reaction, but the addition of DIII in trans was 

shown to recover activity37. Along with other findings, this led to the hypothesis that DIII 

functions as a “catalytic” effector37–39. It was not until the findings of this present work (vide 

infra) that the precise role of DIII was elucidated.  

 Domain VI is critical for lariat formation40, as it contains the conserved bulged 

adenosine that acts as the nucleophile for the first step of splicing. Through activation of its 2′ 

hydroxyl during the first step of splicing, it forms the defining lariat bond that connects the 

adenosine residue to the first nucleotide of the intron. The use of mutations and modified 

nucleotides has demonstrated a strict requirement for an adenosine at this position, with 
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recognition of this nucleotide driven primarily by the N6 amino group41. Furthermore, while 

other domains can be added in trans to the splicing reaction, DVI must be tethered to DV in 

order for the 3′ exon to be ligated properly42. 

1.3 Phylogenetic Diversity of Group II Introns 

 The group II intron are found in the mitochondria (IIA1 and IIA2), chloroplast (IIB1 and 

IIB2), and bacteria (IIA-F)43. Of those introns, the IIB1 intron is the best characterized class. 

This is because much of our understanding of group II intron splicing comes from the αI5γ 

intron from Saccharomyces cerevisiae44 or the P.li.LSUI2 from Pylaiella littoralis45 (brown 

algae), both of which belong to the IIB1 class. P.li.LSUI2 is a rather interesting intron due to its 

high in vitro splicing activity and lariat formation in rather minimal magnesium concentrations, 

as compared to αI5γ.  

The bacterial class IIC introns, in contrast, represent a much different scenario. These 

introns were classified rather recently, and are distinct from the other intron classes due to 

their minimal structure43. They completely lack entire regions of DI and the associated tertiary 

interactions, such as β-β′ and IBS2-EBS2. Interestingly, this class has been shown to interact 

with an intrinsic transcription terminator structure, which may replace the IBS2-EBS2 

interaction with the 5′ exon. In addition, the oddities of this class extend into the active site, 

where they are the only group II introns to contain a CGC catalytic triad sequence, as opposed 

to the AGC sequence that is found in other group II introns as well as the spliceosome. 

Furthermore, in vitro splicing of group IIC introns is prone to numerous errors, such as cryptic 

5′ selection, and internal cleavage products. Lastly, the IIC intron is incapable of splicing 

through the lariat pathway and can only splice via hydrolysis. It is only with the addition of the 

maturase protein that the IIC intron switches from the hydrolysis pathway to the branching 

pathway46. 
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Figure 1.4: The three group II intron subclasses. Subclass IIA are found predominantly in 
mitochondrial genomes, while IIB are found in chloroplast genome. A distinction between 
these subclasses is how the 3′ exon is recognized, which in the former is is the δ-δ′, and the 
later it is EBS3-IBS3. The IIC subclass is limited to bacteria, and is differentiated by its 
minimal DI. Taken from Toor et al. 200947. 
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1.4 The Group II Intron and the Spliceosome 

 The spliceosome is a multimegadalton ribonucleoprotein complex that is composed of 

five snRNA components (U1, U2, U4, U5, and U6) and over a hundred different protein48. 

There is strong evidence that the group II intron and the spliceosome share a common 

ancestor. Unlike the group II intron, the spliceosome is highly dependent upon proteins to 

facilitate the remodeling of RNA-RNA, RNA-protein, and protein-protein interactions, even 

though the active site is thought to be composed of catalytic RNA. The spliceosome 

assembles on nascent pre-mRNA, beginning with U1 identifying the 5′-exon-intron junction49 

and U2 binding to the branch point within the intron50. The preassembled tri-snRNP, 

composed of U4/U6.U551–53, then joins the growing complex. The spliceosome then 

undergoes a major conformational rearrangement, with U1 and U4 leaving the spliceosome. 

At this point, the spliceosome is activated for catalysis and the splicing reaction proceeds. 

Several conformational changes are required to coordinate the two sequential splicing steps 

and are mediated by helicase-dependent rearrangements54. Once splicing has completed, the 

spliceosome leaves with the newly released intron, and the spliceosomal components are 

recycled and the process starts anew55. 
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Figure 1.5: The spliceosomal assembly pathway. The assembly of the five snRNP 
components (colored circles) are shown to assemble on the pre-mRNA sequence. Conserved 
DExH/D-box RNA ATPases/helicase are specified at the stages where they facilitate structural 
rearrangements. Taken from Will and Lührmann48. 

 

 Due to the fact that the group II intron and the spliceosome share a common catalytic 

mechanism56, and exhibit sequence homology of core RNA structures, this has led to the 

hypothesis that they share a common evolutionary ancestor16,21. According to this model, 

various selective pressures caused the ribozyme to split into several pieces. Despite 

fragmentation, the ribozyme could still assemble in pieces to catalyze this trans-splicing-

reaction, which is an observable phenomenon in group II introns57. In addition to the 

biochemical similarities, there exist similar structural elements between the group II intron and 
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the spliceosome. For example, DV and U6 of the group II intron and the spliceosome, 

respectively, contain almost identical secondary structural features58. Both contain a catalytic 

triad, and a two-nucleotide bulge that are separated by a conserved distance. Additionally, the 

RNA architecture of both systems contains analogous interactions in close proximity to the 

active site (Figure 1.6). Moreover, the crystal structure of Prp8 is observed to resemble the 

overall architecture of the maturase protein59, providing a protein link between the two 

systems. 

 

 

Figure 1.6: Secondary structure comparison of the spliceosome (A) and the group II 
intron (B). Both represent the RNA architecture prior to the second step of splicing. Colors 
used are consistent with Figure 1.3 and for the analogous regions of the snRNA components. 
The lariat bond is denoted by the thick black line that links the bulged adenosine (red circle) 
with the first nucleotide of the corresponding intron. Taken from Peters and Toor60. 

1.5 The Significance of Splicing 

 The process of RNA splicing must be maintained with high fidelity. While errors in 

splicing do occur, there are quality control mechanisms in place to minimize aberrant protein 

generation61–63. Unfortunately, these pathways can be overwhelmed or stop functioning 

properly, and result in disease phenotypes. It has been suggested that over a third of disease-

causing mutations directly impact RNA splicing, although this number varies greatly between 

studies64–68. As a specific example, there is evidence that TDP-43 aggregates due to splicing 



13 
 

 
 

errors, and results in ALS-like symptoms in mouse models69. Furthermore, cancer is a 

prominent example of a splicing-related disease70,71. Cancer cells have been observed to 

have a high proportion of abnormally spliced mRNAs, and this this has been described as 

transcriptome instability. 

 Another important aspect of splicing is through alternative splice site selection. Prior to 

the Human Genome Project72, it was believed that the human genome contains close to 

100,000 genes73,74. It was, therefore, rather shocking when it was reported that the human 

genome had only 20,000-25,000 genes. In light of this conclusion, it became apparent that 

alternative splicing is a major force in creating proteome diversity by allowing one gene to 

code for multiple protein isoforms75,76. Since its discovery77,78, it has been found to be a 

ubiquitous post-transcriptional event in eukaryotes. This is exemplified in the D. melanogaster 

gene Dscam, which is currently believed to have 38,01679,80 spliced variants. This is 

underscored by the overall size of the genome at 15,016 genes.  

1.6 Goal of this Dissertation 

 The first crystal structure of the group II intron provided the first direct insight into the 

mechanism of RNA splicing catalyzed by group II introns and the spliceosome. However, only 

the post-catalytic structure of the bacterial IIC intron was available at the start of this work. It 

was unclear based on the structural data of a single state what structural elements are 

necessary for specific elements of splicing. The following chapters detail key discoveries of 

how the group II intron is capable of promoting aspects that include, but are not limited to: the 

fidelity of splice site selection, lariat formation, and rearrangements to transition between steps 

of splicing. Due to the growing body of evidence that suggests a shared evolutionary history 

between the group II intron and spliceosome, the findings in this dissertation are directly 

applicable to eukaryotic RNA splicing. 
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Chapter 2: Crystal structure of a group II intron in the pre-catalytic state. 

2.1 Abstract 

Group II introns are self-splicing catalytic RNAs that are thought to be ancestral to the 

spliceosome. Here we report the 3.65-Å crystal structure of the group II intron from 

Oceanobacillus iheyensis in the pre-catalytic state. The structure reveals the conformation of 

the 5' splice site in the catalytic core and represents the first structure of an intron prior to the 

first step of splicing. 

2.2 Introduction 

 Group II introns are mobile retroelements that have a self-splicing catalytic RNA 

component thought to be evolutionarily related to the spliceosome.1 Group II introns are 

postulated to have first originated in bacteria billions of years ago. These primitive molecules 

then invaded the first complex cells of eukaryotes, which subsequently evolved into plants, 

animals, and humans.2 In eukaryotes, the dual functionalities of splicing and mobility became 

separated into the spliceosomal introns and retroelements. These genetic elements comprise 

at least 50% of most mammalian genomes and have contributed greatly to genomic diversity.3 

Because of this evolutionary impact, group II introns have been used as a tractable model 

system to gain insight into the structure and function of their eukaryotic descendants.  

 Group II intron RNAs catalyze splicing via two distinct transesterification events.4 In 

the first step, nucleophilic attack occurs at the 5′ splice site by the 2′-OH of a bulged 

adenosine within the intron, or by a water molecule from solution. This results in the formation 

of an intron-3′-exon intermediate. This is followed by the second step in which the 3′-OH of the 

newly cleaved 5′ exon attacks the 3′ splice site to form ligated exons and liberated intron. 

During splicing, group II introns utilize exon binding sequences (EBS) called EBS1 and EBS3 

to properly position the 5′ and 3′ splice sites in the catalytic core, respectively.5,6 The 3′ splice 

site has the additional structural requirement that the 3′ terminal residue of the intron engages 

in the γ-γ′ interaction, which helps anchor the 3′-splice site in the core.7 The γ-γ′ interaction 
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contains a single base pair between the terminal 3′ intron nucleotide (γ′) and a residue located 

between domains II and III of the intron (γ). 

 In this study, we set out to determine the structure of the group II intron in a pre-

catalytic state directly preceding the first step of splicing. Previously, we had solved the crystal 

structure of a group II intron from Oceanobacillus iheyensis (O. iheyensis) in the post-catalytic 

state.8,9 This structure revealed that splicing is likely to occur via a two-metal ion mechanism, 

catalyzed by residues within the highly conserved intron domain V. In addition, the scissile 

phosphate of bound ligated exon substrate was found to be positioned directly over the active 

site. In this post-catalytic structure, the junction between the two exons is likely to represent a 

relaxed state that exists after the intron completes both steps of splicing, immediately before 

exon release. RNA splicing is a dynamic process involving multiple conformational changes to 

properly position substrates in the active site. In order to understand and visualize the different 

stages of splicing, it is necessary to trap the intron at each stage and determine its structure 

using x-ray crystallography. In particular, the pre-catalytic state has never been visualized in 

any intron splicing system.  

 Here we report the 3.65 Å crystal structure of the O. iheyensis intron trapped in the 

pre-splicing state, before the onset of catalysis. This represents the first structure of an intron 

prior to splicing and allows us to visualize the position and conformation of the 5′ splice site 

within the catalytic core of the group II intron. In order to trap the intron at this stage and 

prevent cleavage of the 5′-splice site, a splicing precursor construct of the O. iheyensis intron 

was deactivated through mutagenesis of the central guanosine of the CGC catalytic triad. This 

mutation changes the G•U wobble to an A-U pair, thereby maintaining pairing within the 

domain V helix, and minimizing potential disruption of the RNA structure. The mutant 

displayed no detectable splicing activity using denaturing polyacrylamide gel electrophoresis, 

however primer extension analysis revealed ~15% cleavage of the 5′ exon upon extended 

storage of the RNA at 4˚C (see Supplementary Discussion). Intron RNA was in vitro 
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transcribed and purified using a native purification procedure (see Supplementary Methods). 

In this procedure, the intron folds during in vitro transcription and is purified in a native state 

using diafiltration.8 The intron RNA crystallized in space group P212121 and the structure was 

refined to Rwork=20.5% and Rfree=24.9% (Supplementary Table 1, PDB accession 4DS6). 

2.3 Results 

 The overall fold of the pre-catalytic group II intron is remarkably similar to that of the 

post-catalytic state (figure 1a), indicating that no large-scale conformational changes occur in 

domains I to V during the transition between the two steps of splicing. In the core of the 

ribozyme (Figs. 1b and 1c; Supplementary Figs. 1 and 2), strong electron density is now 

visible for the 5′ splice site docked into the catalytic pocket of domain V. The 5′ exon is paired 

with EBS1 indicating that this interaction persists throughout the splicing reaction into the post-

catalytic state. The junction between the 5′ exon and the intron undergoes a dramatic reversal 

in the direction of the RNA chain. This produces a sharp kink in the backbone that presents 

the scissile phosphate of the splice site to the active site in domain V. Thus, the structure 

reveals the requirement for a structural distortion of the 5′ splice site just prior to catalysis. 

This also results in an unusual arrangement of two highly distorted backbones in close 

proximity to each other with the two-nucleotide bulge region of domain V being very near to 

the 5′ splice site (Supplementary Fig. 3). The position of the 5′ splice site within this crystal 

structure is entirely consistent with previous crosslinking data on the unspliced (pre-catalytic) 

forms of the aI5γ and L.l.ltrB group II introns.10-12 Based on the cumulative biochemical data, 

multiple groups had modeled the 5′ splice site in close proximity to the active site in domain 

V.6,10,12-15 The kinked 5′ splice site observed in our crystal structure was first proposed and 

modeled by de Lencastre et al.10,15 Even though the scissile phosphate is positioned in the 

active site, no native density is visible for the catalytic metal ions. The most plausible 

explanation is that the mutation of the catalytic triad abolished binding of these metals. 

Analysis of the backbone of domain V both in the wild-type (post-catalytic) and mutant (pre-



22 
 

 
 

catalytic) introns reveals that the G359A mutation causes a slight shift in the active site that 

may abrogate binding of the catalytic metal ions (Supplementary Discussion and 

Supplementary Fig. 4). It should be emphasized that the exon-binding sequences within the 

intron are responsible for kinking of the 5′ splice site and these residues remain as the wild-

type sequence. Therefore, binding of the catalytic metal ions is not expected to alter the 

conformation of the 5′ splice site. 
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Table 2.1: Data collection and refinement statistics 

     

 

 

 

 

 

 

 

 

 

 

 

* Values in parentheses are for highest-resolution shell.  
 

 Oi-G359A Mutant  

Data collection  
Space group  P212121 
Cell dimensions a, 

b, c (Å)  89.88, 95.31, 226.17    
α, β, γ (°) 90, 90, 90    
Resolution (Å)  40.41-3.65 (3.71-3.65)  
Rsym  5.4 (60.8)  
I / I 23.6 (3.4)  
Completeness (%)  98.5 (95.3)  
Redundancy  3.9 (3.5)  

Refinement  
Resolution (Å)  

3.65  
No. reflections  22036  
Rwork / Rfree  20.5/24.9 (41.0/44.2)  
No. atoms     

RNA  8429 
    Ligand/ion  16 
    Water  29 
B-factors  
    RNA  155.5  
    Ligand/ion  119.5  
    Water  132.9  
R.m.s. deviations  
    Bond lengths (Å)  0.008  
    Bond angles () 0.983  
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Figure 2.1: The pre-catalytic structure of the group II intron. a) The structure of the pre-
catalytic state reveals the position of the 5′ splice site (junction between green and blue) in the 
center of the molecule. b) Close-up view of the 5′ splice site reveals a sharp kink in the 
backbone, which is positioned near the bulge and catalytic triad of domain V (red). c) Fo-Fc 
density for the 5′ splice site contoured at 3σ. The Fo-Fc density map was calculated using a 
model deleted for intron nucleotides 1-5 and the 5′ exon in order to avoid model bias. 
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Figure 2.2: Stereo representation of the pre-catalytic core of the group II intron. See 

Figure 1b caption for details. 

 

 

 

 

Figure 2.3: Stereo representation of electron density for the 5 splice site. See Figure 1c 
caption for details. 

. 
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Figure 2.4: The 5 splice site and the bulge of domain 5 are juxtaposed. The core of the 
pre-catalytic intron reveals the unusual arrangement of two highly kinked backbones in close 
proximity to each other. 

 

 At the 5′ splice site, the first two nucleotides of the intron (G1 and U2) engage in a 

base stacking interaction that likely stabilizes the position of the backbone in this single-

stranded region. Unlike the post-catalytic structure, there is now electron density for the 

nucleobase of the γ residue (A287), which forms a continuous base stack with the domain V 

bulge nucleotide A376 and the G5 residue from the 5′ terminus (Supplementary Fig. 5).  A287 

is functionally important because it pairs to the 3′ terminal nucleotide of the intron and plays a 

crucial role in positioning the 3′ splice site. The presence of the A287 nucleobase now enables 

us to model the likely position of the 3′ splice site within the catalytic core. Together with the 

pre- and post-catalytic structures, we have conceptualized a theoretical model of the complete 

group II intron splicing pathway (Fig. 2). In this model, the 5′ splice site is first drawn near the 
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catalytic metal ions and the kink is induced (Fig. 2a). This allows the nucleophile to attack and 

cleave the 5′ exon-intron junction. This is immediately followed by entry of the 3′ splice site to 

the active site. Nucleotides at the 3′ splice site are expected to pair simultaneously to both the 

γ nucleotide and EBS3 (Fig. 2b), resulting in a bifurcated set of interactions that are likely to 

kink the 3′ splice site. This arrangement is also consistent with previous biochemical data 

regarding the involvement of these tertiary interactions during 3′ splice site selection by group 

II introns.6,7,16 The resulting conformation enables the 3′ splice site to approach the active site 

at an angle of attack of ~90 degrees from that of the 5′ splice site. As a result, the 3′-OH of the 

5′ exon is located in close proximity to both the scissile phosphate of the 3′ splice site and one 

of the catalytic metal ions. This is consistent with the reaction mechanism whereby this 

hydroxyl group is activated by a metal ion and engages in nucleophilic attack at the 3′ splice 

site with subsequent ligation of the exons.17 After ligation, the junction between the 5′ and 3′ 

exons exists in a relaxed state prior to product release (Fig. 2c).  
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Figure 2.5: Visualization of nucleotide A287. Electron density contoured at 1 for the base 
stacking of G5, A376, and A287 (γ nucleotide). 
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Figure 2.6: Theoretical model for the complete group II intron splicing pathway. a) The 5′ 
splice site is kinked immediately before the onset of catalysis. The kink is positioned in close 
proximity to the catalytic metal ions (M1 and M2). A ribose 2′-OH group or water molecule (not 
depicted) is activated for nucleophilic attack and cleaves the splice site. Residue 288 is not 
shown because there is no electron density for the base of this nucleotide in the pre-catalytic 
structure. b) The 3′ splice site is positioned in the active site through its interaction with EBS3 
and the γ nucleotide. These tertiary interactions cause the 3′ splice site to also adopt a sharp 
kink which presents the scissile phosphate to the active site metal ions. The 3′-OH (shown in 
stick format) of the 5′ exon is in a position to coordinate to M1 as well as to the 3′ splice site 
(coordination indicated by black lines). G1 and U2 are not shown due to the fact that these 
nucleotides must depart before the 3′ splice site enters the active site. c) The 3′ splice site is 
cleaved, the exons ligated, and the product adopts a “relaxed” conformation prior to release by 
the intron. Abbreviation: J2/3 - junction sequence between domains II and III.  

 
 This theoretical model suggests that group II intron active sites are versatile and can 

accommodate both steps of splicing with small conformational alterations. Given their 

mechanistic similarities, it is likely that both group II introns and the spliceosome induce sharp 

bends at the splice sites for proper positioning of the scissile phosphates. The generality of 

this behavior is underscored by the evolutionarily unrelated group I introns, which induce a 

sharp kink at the 3′ splice site in constructs designed to capture the second step of splicing.18  

Therefore, the sharp structural distortion of splice sites is likely to contribute to the mechanism 

of all RNA splicing reactions. 

 

 

 



30 
 

 
 

References 

1. Sharp, P.A. Five easy pieces. Science 254, 663 (1991). 

2. Martin, W. & Koonin, E.V. Introns and the origin of nucleus-cytosol 
compartmentalization. Nature 440, 41-5 (2006). 

3. Koonin, E.V. Intron-dominated genomes of early ancestors of eukaryotes. J Hered 
100, 618-23 (2009). 

4. Robart, A.R. & Zimmerly, S. Group II intron retroelements: function and diversity. 
Cytogenet Genome Res, 110, 589-97 (2005). 

5. Jacquier, A. & Michel, F. Multiple exon-binding sites in class II self-splicing introns. 
Cell 50, 17-29 (1987). 

6. Costa, M., Michel, F. & Westhof, E. A three-dimensional perspective on exon binding 
by a group II self-splicing intron. EMBO J 19, 5007-18 (2000). 

7. Jacquier, A. & Michel, F. Base-pairing interactions involving the 5′ and 3′-terminal 
nucleotides of group II self-splicing introns. J Mol Biol 213, 437-47 (1990). 

8. Toor, N., Keating, K.S., Taylor, S.D. & Pyle, A.M. Crystal structure of a self-spliced 
group II intron. Science 320, 77-82 (2008). 

9. Toor, N., Rajashankar, K., Keating, K.S. & Pyle, A.M. Structural basis for exon 
recognition by a group II intron. Nat Struct Mol Biol 15, 1221-2 (2008). 

10. de Lencastre, A., Hamill, S. & Pyle, A.M. A single active-site region for a group II 
intron. Nat Struct Mol Biol 12, 626-7 (2005). 

11. Noah, J.W. & Lambowitz, A.M. Effects of maturase binding and Mg2+ concentration on 
group II intron RNA folding investigated by UV cross-linking. Biochemistry 42, 12466-
80 (2003). 

12. Dai, L., Chai, D., Gu, S.Q., Gabel, J., Noskov, S.Y., Blocker, F.J., Lambowitz, A.M., 
Zimmerly, S. A three-dimensional model of a group II intron RNA and its interaction 
with the intron-encoded reverse transcriptase. Mol Cell 30, 472-85 (2008). 

13. Boudvillain, M., de Lencastre, A. & Pyle, A.M. A tertiary interaction that links active-
site domains to the 5′ splice site of a group II intron. Nature 406, 315-8 (2000). 

14. Wang, J. Inclusion of weak high-resolution X-ray data for improvement of a group II 
intron structure. Acta Crystallogr D Biol Crystallogr 66, 988-1000 (2010). 

15. de Lencastre, A. & Pyle, A.M. Three essential and conserved regions of the group II 
intron are proximal to the 5′-splice site. RNA 14, 11-24 (2008). 

16. Robart, A.R., Montgomery, N.K., Smith, K.L. & Zimmerly, S. Principles of 3′ splice site 
selection and alternative splicing for an unusual group II intron from Bacillus anthracis. 
RNA 10, 854-62 (2004). 

17. Roitzsch, M., Fedorova, O. & Pyle, A.M. The 2′-OH group at the group II intron 
terminus acts as a proton shuttle. Nat Chem Biol 6, 218-224 (2010). 

18. Adams, P.L., Stahley, M.R., Kosek, A.B., Wang, J. & Strobel, S.A. Crystal structure of 
a self-splicing group I intron with both exons. Nature 430, 45-50 (2004). 



31 
 

 
 

2.4 Methods 

 The crystallization construct consists of a 7 nt 5′ exon, the G359A mutant intron, and a 

2 nt 3′ exon. Intron RNA was in vitro transcribed and purified using a minor variation of the 

method described in Toor et al.1, with the only difference being that the intron RNA is 

incubated at 55°C after in vitro transcription instead of 60°C. The RNA was crystallized by 

combining one volume of intron RNA (10 mg/ml), one volume of 0.5 mM spermine, and one 

volume of 10 mM magnesium acetate, 50 mM MES pH 5.6, and 2.3 M ammonium sulfate 

(mother liquor). Crystals formed via sitting drop vapor diffusion at 30° C in three weeks. 

Crystals were gradually transferred to a cryoprotectant containing 10 mM magnesium acetate, 

50 mM MES pH 5.6 and saturated lithium sulfate, followed by flash freezing in liquid nitrogen. 

Molecular replacement was done using PHENIX.2 The post-catalytic structure (PDB accession 

3IGI) was used as a search model with a deletion of intron nucleotides 1-5 and the exon 

substrate to avoid bias at the 5′ splice site. Minimization was performed using base pair 

restraints in CNS version 1.3.3 Simulated annealing and TLS refinement was done using 

PHENIX. Modeling was done in Coot4 using the RCrane5 plugin to improve model geometry. 

Molprobity was used to evaluate the quality of the refinement at all stages. Figures were 

prepared with PYMOL.6 Data was collected at NE-CAT beamline 24-ID-C at the Advanced 

Photon Source (Argonne National Laboratory, Argonne, Illinois). 

2.5 Supplementary Discussion 

 We also observed weak density near the 5′ splice site and the J2/3 region, which 

corresponds to a small fraction of the intron reacting to form the post-catalytic state. Primer 

extension analysis of the 5′ end of the RNA at pre- and post-crystallization time points 

revealed that ~15% of the 5′ exon was cleaved in both samples (data not shown). The RNA is 

stored at 4°C in a buffer containing 10 mM Mg2+ prior to crystallization. Therefore, the density 

could represent evidence of metal ions being weakly bound to the active site and catalyzing 

cleavage at a very slow rate over an extended period of time. We observed no in vitro splicing 
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activity for the mutant intron with incubation at 55°C for 30 minutes in a splicing buffer 

consisting of 125 mM MgCl2, 500 mM NH4Cl, and HEPES pH 7.0. In contrast, the wild-type 

intron splices to completion under these conditions.1 

 We postulate that mutation of the catalytic triad leads to a lack of electron density for 

the catalytic metal ions in the active site. Supplementary figure 4 shows overlapping models of 

the catalytic domain V from both the pre- and post-catalytic structures. The post-catalytic 

structure represents the wild-type form of the active site which is competent for binding 

catalytic metal ions (metal ions not shown). The cleft formed between the backbones of the 

two-nucleotide bulge and catalytic triad is responsible for coordinating these ions. With the 

G359A mutant, one can see that there a slightly increased distance (~2 Å greater) between 

the backbones of the triad and the bulge. This increase in distance prevents metal ions from 

binding because magnesium cannot span this larger distance to simultaneously coordinate to 

both backbones. Therefore, the structural effects of this mutation are subtle and cause little 

perturbation within the active site, with the overall conformation of domain V being very similar 

in both pre- and post-catalytic states. It is also likely that the crystallization conditions 

negatively affect binding of the metal ions. The crystals only formed under very high ionic 

strength (2.3 M ammonium sulfate) and it is known that incubation of biological 

macromolecules at high salt concentrations interferes with the binding of physiologically 

important metal ions. 

 During modeling of the catalytic triad of domain V, we noticed that electron density for 

the mutant nucleotide A359 was consistent with that of an A•U Hoogsteen pair. We have 

modeled it as such; however at this level of resolution, it is not possible to conclusively 

discriminate between the two possibilities. 
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Chapter 3: Crystal structure of a eukaryotic group II intron lariat. 

3.1 Abstract 

 The formation of branched lariat RNA is an evolutionarily conserved feature of splicing 

reactions for both group II and spliceosomal introns. The lariat is important for the fidelity of 5ʹ 

splice-site selection and consists of a 2ʹ-5ʹ phosphodiester bond between a bulged adenosine 

and the 5ʹ end of the intron. To gain insight into this ubiquitous intramolecular linkage, we 

determined the crystal structure of a eukaryotic group IIB intron in the lariat form at 3.7 Å. This 

revealed that two tandem tetraloop-receptor interactions, η–ηʹ and π–πʹ, place domain VI in the 

core to position the lariat bond in the post-catalytic state. On the basis of structural and 

biochemical data, we propose that π–πʹ is a dynamic interaction that mediates the transition 

between the two steps of splicing, with η–ηʹ serving an ancillary role. The structure also 

reveals a four-magnesium-ion cluster involved in both catalysis and positioning of the 5ʹ end. 

Given the evolutionary relationship between group II and nuclear introns, it is likely that this 

active site configuration exists in the spliceosome as well. 

3.2 Introduction 

 Splicing of nuclear introns results in the formation of circular RNAs1 having a 

branched lariat structure containing an unusual 2ʹ-5ʹ phosphodiester bond2,3. This branched 

RNA product has also been found in group II introns4,5, which are self-splicing ribozymes. 

Defects in lariat formation result in aberrant splicing and human disease6. In higher 

eukaryotes, splicing of nuclear introns is catalyzed by a large ribonucleoprotein complex called 

the spliceosome, which is thought to share a common ancestor with group II introns7,8. 

 Group II introns are catalytic RNAs with six structural domains (Figure 3.1) that splice 

via two trans-esterification reactions. In the first step of splicing, the 2ʹ-OH of a bulged 

adenosine residue is the nucleophile that attacks the 5ʹ splice site to generate lariat RNA4,5. In 

the second step, the 3ʹ-OH of the 5ʹ exon attacks the 3ʹ splice site to form ligated exons and 

excised intron lariat. The highly conserved domain V (DV) forms the group II intron active site 
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by binding catalytic metal ions9, and domain VI (DVI) contains the bulged adenosine used as 

the nucleophile in the first step of splicing10. 

 

 

Figure 3.1: Secondary structure of P.li.LSUI2 intron crystallization construct. Tertiary 
interactions are indicated with Greek letters and domains are labeled with Roman numerals. 
Colouring of the individual domains is consistent with the overall view of the tertiary structure 
shown in Fig. 1. 

 Group II introns are divided into three structural classes: IIA, IIB and IIC11,12. 

Historically, the two model systems used to study group II intron structure and function have 

been ‘canonical’ eukaryotic IIB introns: P.li.LSUI2 from the brown algae Pylaiella littoralis13 
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and aI5γ from the yeast Saccharomyces cerevisiae4. However, the only available crystal 

structure is of a IIC representative from the bacterium Oceanobacillus iheyensis9. This 

idiosyncratic IIC intron class is the most primitive14 and splices through hydrolysis to form 

linear intron15. In contrast, eukaryotic IIA and IIB introns form lariat, are evolutionarily later 

branching14, and therefore more closely related to the spliceosome. We targeted the 

P.li.LSUI2 intron for structure determination since it contains a functional DVI that forms large 

amounts of lariat during splicing13. 

3.2 Overall structure 

 Here we present the structure of the P.li.LSUI2 intron in the post-catalytic lariat form 

with ligated exon product at 3.7 Å resolution (Table 3.1) solved using a Yb3+ derivative (Figure 

3.2). This represents the first crystal structure of a 2ʹ-5ʹ branched RNA molecule. 
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Table 3.1: Data collection and refinement statistics 
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Figure 3.2: The Yb-MAD experimental, density modified map of the portion of DV 
containing the catalytic triad contoured at 1.8σ. 

 Reflecting the ability of IIB introns to form lariat, there are a multitude of unique tertiary 

interactions in the P.li.LSUI2 intron compared to the O. iheyensis structure (Figure 3.3). These 

newly visualized contacts include EBS2–IBS2 (Figure 3.4), µ–µʹ, ε-ε′ and the canonical form of 

κ-κ′. Unlike the O. iheyensis structure, domains II and III interact with multiple domains 

through long-range interactions to stabilize the overall fold of the P.li.LSUI2 intron. We can 

now visualize the location of DVI within the intron structure (Figure 3.3 and Figure 3.5), as well 

as the 2ʹ-5ʹ lariat linkage between the first residue and the bulged adenosine. 
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Figure 3.3: A comparison of the tertiary structures of O. iheyensis and P.li.LSUI2 group 
II introns. P.li.LSUI2 has a significantly larger and more complex structure with a 
correspondingly greater number of unique RNA tertiary contacts. Domain VI of P.li.LSUI2 is 

highlighted within the box. 
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Figure 3.4: The path of the 5′ exon through the intron structure. The EBS1-IBS1 and 
EBS2-IBS2 interactions position the 5′ exon. They do not form a continuous binding interface 
with the presence of a highly distorted backbone at the junction between these two motifs. As 
a result, the helical axes of the EBS1-IBS1 and EBS2-IBS2 pairings are positioned ~90° 
relative to each other. The EBS3-IBS3 interaction places the 3′ exon in the active site. 
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Figure 3.5: Overall tertiary structure of the P.li.LSUI2 intron. Individual domains and 
subdomains are depicted in different colors. Domain names are labeled with Roman 
numerals. a and b show different rotations of the intron structure. 
 

3.3 Newly visualized tertiary interactions 

 One of the most highly conserved tertiary contacts in group II introns is the κ–κʹ 

interaction between the base of the catalytic DV stem and domain I (DI)16. The conserved κ 

sequence GAA, nucleotide A171 from near the κ region, and residues from a GUAAC 

pentaloop in DIII converge to form a pentuple adenosine base stack (underlined residues) that 

inserts into the minor groove at the base of DV, rigidly placing the active site into the DI 

scaffold (Figure 3.6a and 3.7a). 
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Figure 3.6: Tertiary interactions in a IIB intron. a, The κ loop (grey) and DIII (yellow) 

converge to form an extended base stack involving five adenosine residues inserting into the 
minor groove of DV (red). b, G106 and C107 form Watson-Crick pairs with C4 and G3 from 
the 5′ end to form the ε-ε′ interaction that positions the 5′ end in the active site. c, J1/2 (green) 
interacts with the 5′ end (A6 residue in green), DIII (yellow), and J2/3 (blue). d, DIII (yellow) 
acts as a brace on the surface of the intron and forms three tertiary interactions (boxed) with 
DI (green), DII (blue) and DV (red). 
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Figure 3.7: Companion to Fig. 2 showing the location of the individual tertiary 
interactions relative to the overall structure. 

  
 The ε–εʹ interaction is critical for catalysis, with disruption through mutagenesis 

resulting in complete loss of splicing activity17. This interaction consists of nucleotides G106 

and C107 pairing with C4 and G3 from the 5ʹ end of the intron (Figure 3.6b and Figure 3.7b). 

The end result of these contacts is the formation of five conserved bases stacking in the 
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following order (from bottom to top): A573, U2, G5, C4 and G3. This serves to structure the 5ʹ 

end of the intron.  

 The conserved GUAA linker connecting domains I and II (J1/2) adopts an unusual 

backbone configuration that interacts with the 5ʹ end, the junction between domains II and III 

(J2/3), and DIII (Figure 3.6c and Figure 3.7c). The 5ʹ end and J2/3 directly interact with the 

active site through J1/2 positioning these regions to stabilize the core. This new long-range 

contact (designated as ρ–ρʹ) consists of two adenosines from J1/2 docking into the basal stem 

of DIII (Figure 3.6c). 

 We can now correlate the function of DIII as a catalytic effector in group II introns. DIII 

interacts with the intron core through the aforementioned GUAAC pentaloop, which docks into 

the base of DV (Figure 3.6d). This µ–µʹ interaction18 serves to buttress the opposite side of DV 

from where catalysis takes place. Furthermore, a GAAA tetraloop from DIII interacts with the 

base of the DII stem (designated as τ–τʹ) to provide additional reinforcement. Therefore, DIII 

functions as an external brace located on the outside surface to stabilize the entirety of the 

structure. This important role is consistent with deletion or mutagenesis of this domain 

rendering the intron unstable and not competent for efficient catalysis19. 

3.4 DII positions DVI in the active site 

 In the O. iheyensis structure, DII was markedly truncated to a small stem loop 

structure, and in many previous biochemical studies of the aI5γ intron, DII was similarly 

shortened to study the first step of splicing. We can now visualize the intact DII substructure 

and find that it serves as a central hub for four different tetraloop receptor interactions (Figure 

3.8a). DII makes contacts with domains I, III and VI to organize a large portion of the intron 

structure. 
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Figure 3.8: The position of DVI within the intron structure. a, DII forms an inverted Y-
shaped structure that engages in four distinct tetraloop-receptor interactions with the IC stem 
(orange), DIII (yellow), and DVI (purple). DVI interacts with DII via two tandem tetraloop-
receptor interactions, η-η′ and π-π′. b, In vitro self-splicing assays of the P.li.LSUI2 intron. The 

wild-type (WT) intron efficiently catalyzes both steps of splicing and forms intron lariat and 
ligated exons. Mutagenesis of either η-η′ (Δη′)20 or π-π′ (Δπ) inhibits the second step, resulting 
in the accumulation of lariat-3′ exon and 5′ exon. A combination of both mutations (Δη′Δπ) 
nearly blocks the second step of splicing with predominantly lariat-3′ exon present. c, Fo–Fc 
density for the 2′-5′ lariat phosphodiester bond contoured at 3σ. The nucleobase of A615 is 
disordered and not visualized. This map was calculated using a model deleted for A615, G1, 
and U2 (shown in stick format) to avoid model bias. The 5′ (G1) and 3′ (A620) ends form a 
non-canonical base pair. 

 

 DII has a ‘Y-shaped’ RNA secondary structure with two stems, D2a and D2b (Figure 

3.1), coaxially stacking on top of each other such that a tetraloop receptor from D2a and a 

GCAA tetraloop from D2b are facing the same side (Figure 3.8a). This combination provides a 

binding interface for DVI, which contains both a GAGA tetraloop and a tetraloop receptor. 

Therefore, DVI is tightly placed in the core of the intron via two tandem tetraloop receptor 
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interactions with DII. The interaction between D2a and DVI is known as the η-η′ contact20 and 

we are designating the newly discovered interaction between D2b and DVI as π–π′. The π–πʹ 

interaction is especially interesting due to its proximity to the bulged adenosine residue A615, 

which is the nucleophile for the first step of splicing. The π tetraloop interacts with nucleotides 

directly adjacent to the bulged adenosine (Figure 3.8a) and therefore probably has important 

effects upon the positioning of this nucleotide within the active site. 

 Mutagenesis of the GNRA tetraloops to UUCG was done to test the effects of these 

two interactions on splicing. Disrupting either contact significantly inhibited the second step of 

splicing, leading to an accumulation of lariat 3′ exon and 5′ exon (Figure 3.8b and Figure 3.9). 

However, disrupting both interactions simultaneously resulted in a near complete block of the 

second step. This indicates that π–πʹ and η-η′ are synergistic interactions essential for the 

transition to the second step of splicing and probably function through moving the 3ʹ splice site 

(which is attached to DVI) into the active site. 
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Figure 3.9: Splicing assays for the DVI mutants showing the proportion of branched 
product. Blue and orange bars correspond to lariat-3′ exon and lariat, respectively. The Δη′ 
and Δπ mutants accumulate large amounts of lariat-3′ exon, thus indicating a second step 
splicing defect. The Δη′Δπ double mutant is almost completely blocked before the second 
step. The A620C mutant shows 2.4-fold greater accumulation of lariat-3′ exon compared to 
the WT intron indicating that the interaction between G1 and A620 is important for the second 
step. In the yeast aI5γ intron, G1 instead interacts with the penultimate residue44, indicating a 
certain degree of flexibility for this pairing. There is evidence for a similar interaction between 
the termini of nuclear introns45 involving nearby (but not exactly equivalent) residues, which 
also has a significant effect upon the second step of splicing. Therefore, the 5′ and 3′ ends of 
nuclear introns may have a similar arrangement within the spliceosome. 

 

 We can now visualize the overall fold of DVI embedded within a catalytically active 

intron (Figure 3.8a). DVI contains a purine-rich internal loop, which forms non-canonical 

pairings that induce a slight bend in the helix, allowing DVI to simultaneously form both the π–

πʹ and η-η′ contacts with DII. These interactions position the ribose sugar of the bulged A615 

directly under the 5ʹ end of the intron. The adenosine in this 2ʹ-5ʹ lariat linkage is highly 

constrained, since it is connected to phosphates on three different sides of the nucleotide 

(Figure 3.10a). The nucleobase component of the A615 residue is disordered (Figure 3.8c and 

Figure 3.10b), which is consistent with it not having a role in the later stages of splicing. In the 
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current post-catalytic state, the lariat phosphodiester bond is located ~20 Å from the active 

site. Therefore, it has undergone a large-scale movement away from the catalytic core after 

the first step of splicing. In close proximity to the lariat bond, the 5ʹ and 3ʹ ends of the intron 

interact with each other through G1 forming a non-canonical base pair with A620 (Figure 

3.8c), which is important for the second step (Figure 3.9). 

 

Figure 3.10: Stereo depiction of the lariat bond. a, The lariat 2′-5′ phosphodiester bond in 
wall-eyed stereo format. b, Stereo version of Fig. 3c. See Fig. 3c legend for details. Fo-Fc 
density for the lariat bond contoured at 3σ. 

 



49 
 

 
 

3.5 Active site metal ion configuration 

 Mg2+ ions are an absolute requirement for the catalysis of RNA splicing. To identify 

active site metal ions, soaks were performed using the anomalous scatterer Yb3+, which 

exhibits the same octahedral coordination geometry as Mg2+ and preferentially binds to sites 

containing highly coordinated magnesium ions9,21. This revealed four large anomalous peaks 

in the ribozyme core (Figure 3.11a). Two of these peaks (M1 and M2) are also found in O. 

iheyensis9 and are embedded within DV to coordinate to the junction phosphate between the 

ligated exons, while the other two peaks (M3 and M4) are coordinated to the 5ʹ end of the 

intron. 
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Figure 3.11: The core of the of P.li.LSUI2 intron. a, Yb3+ anomalous map (orange mesh) 
contoured at 12σ reveals four large peaks, which correspond to highly-coordinated 
magnesium ions (orange spheres). b, Comparison of the catalytic triplexes found in the O. 
iheyensis and P.li.LSUI2 introns. O. iheyensis contains a continuous triple helix spanning 
between the DV catalytic triad (CGC) and J2/3. In P.li.LSUI2, the J2/3 residue A422 is 
disengaged from the catalytic triad (AGC) and forms a base triple with J4/5 and J5/6 
nucleotides (U549 and U584, respectively). 
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 M3 is located in a binding pocket formed by the highly conserved 5ʹ end (Figure 

3.12a), which has the sequence GUGCG. Nucleotides in this region exhibit a highly contorted 

backbone configuration that wraps around all sides of M3 due to the ε–εʹ interaction involving 

residues G3 and C4 (Figure 3.6). Therefore, we postulate that the primary function of ε-εʹ is to 

order a crucial metal-binding platform which structures the 5ʹ end of the intron. 

 M4 coordinates to conserved IIB intron residues A6, C7 and A341 to stabilize the 5ʹ 

end further (Figure 3.12b). These residues are in close spatial proximity to the recently 

proposed ι motif (Figure 3.1) that is known to promote lariat formation and is predicted to 

serve as a receptor for positioning DVI (ref. 22). An ι G79A point mutant was crystallized, 

revealing strong signals for M1 and M2; however, M3 and M4 were no longer visible (Figure 

3.12c, d). Splicing assays of this mutant also show a negative effect on the first step of 

splicing (Table 3.2). Furthermore, the η–ηʹ interaction, which forms the metal-binding platform 

for M3 and M4, persists throughout group II intron catalysis17. Taken together, the data 

suggest that M3 and M4 participate in the first step of splicing by positioning the 5ʹ splice site 

in the active site to present the scissile phosphate to M1, M2 and the bulged adenosine. 

However, it is possible that M3 exists only in the post-catalytic state to stabilize the 

repositioned lariat bond. Given the rarity of highly coordinated magnesium sites in large 

RNAs23, the existence of four such metal ions in close proximity in the active site of P.li.LSUI2 

is striking. In addition, we observe a conserved monovalent ion near the M1/M2 catalytic 

center (Figure 3.12e). 

Table 3.2: Kinetic analysis of P.li.LSUI2 RNA splicing 

 kfast (min−1) kslow (min−1) 

WT 9.51 ± 1.09 0.136 ± 0.0246 

G79A 2.97 ± 1.57 0.0767 ± 0.00942 
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Figure 3.12: Anomalous peaks in the core of the intron. a and b depict the RNA ligands 
surrounding metals M3 and M4, respectively. Yb3+ anomalous map contoured at 9σ. c, Yb3+ 
anomalous map for WT contoured at 9σ. d, Compared with the WT intron, the Yb3+ anomalous 
map for the ι G79A mutant (contoured at 4σ) is lacking the peaks corresponding to M3 and 

M4, even at a lower contour level. e, Tl+ was used as a probe for monovalent ions in the RNA 
structure46. The Tl+ anomalous map (purple mesh contoured at 5.5σ) revealed a strong peak 

located 3.8 Å from M1 that coordinates to the nucleobase of J2/3 residue G421 and the 
backbone of DV nucleotide G550. This sodium ion Na1 (purple sphere) is significantly closer 
to M1 than the equivalent K+ ion found in O. iheyensis25. Otherwise, this monovalent ion 

binding site is relatively conserved between these two introns. 
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3.6 Catalytic triplex rearrangement 

 In the O. iheyensis structure, J2/3 and residues from DV form a catalytic triplex 

structure essential for the catalysis of splicing and that is also found in the spliceosome24. In 

the O. iheyensis triplex, J2/3 residues G288 and C289 (analogous to G421 and A422 in 

P.li.LSUI2) form base triples with the first two nucleotides of the catalytic triad. Unexpectedly, 

we observe in the P.li.LSUI2 structure that one of the J2/3 residues is completely disengaged 

from the catalytic triad. Specifically, A422 has moved away from the triad and stacks directly 

underneath the base of the DV helix to form a base triple with residues from the J4/5 and J5/6 

linkers (Figure 3.11b). The possibility of J2/3 participating in conformational changes has been 

previously postulated25. However, we can now see the specific nature of this ‘switch’ with the 

disengagement of J2/3 from the catalytic triad into an alternate configuration. The linkers 

between domains are highly conserved for each subclass of group II introns, and based on the 

P.li.LSUI2 structure we hypothesize that they are dynamic and modulate splicing. 

3.7 π–π′ is a dynamic interaction 

 DVI is proposed to engage in large-scale conformational changes between the two 

steps of splicing20,22. To test this model, a catalytic triad mutant (AGC→GAU) inactive for 

splicing was crystallized and solved at 7 Å (Figure 3.13). Strong electron density was 

observed for the η–ηʹ interaction between DII and DVI, indicating that this contact persists 

throughout both steps of splicing and that there is no large-scale change in DVI position. 

Therefore, a new model is required to explain how DVI mediates the transition between the 

two steps of splicing. 
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Figure 3.13: 2Fo-Fc density for DVI in the pre-catalytic structure contoured at 1σ. The η-η’ 
interaction persists throughout the splicing reaction and is visible in the pre-catalytic state. The 
weaker density for the central region of DVI suggests a partially disordered, dynamic region 
with possible helical remodeling in the conserved internal loop during splicing. The general 
pattern of side-by-side packing of domains II and VI persists between the two steps. Catalytic 
triad mutation consisted of an AGC→GAU substitution. 
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 During the first step, the bulged adenosine must be in close proximity to M1, M2 and 

the 5ʹ splice site to engage in nucleophilic attack. However, π–πʹ places the bulged adenosine 

~20 Å from the active site in the post-catalytic structure. Mutagenesis of π–πʹ also has no 

significant effect on the first step of splicing (Figure 3.8b), and is unlikely to be engaged for 

lariat formation. Furthermore, DII is likely to remain largely stationary during catalysis due to 

the strong anchoring effect of multiple tetraloop receptor interactions with this domain. On the 

basis of these observations, we propose that π–πʹ is a dynamic interaction that toggles DVI 

between two different states to mediate the transition between the first and second steps of 

splicing (Figure 3.14). In the first step, the bulged adenosine is engaged in the active site for 

nucleophilic attack at the 5ʹ splice site. At this stage, π–πʹ exists in the ‘off’ state where DII is 

disengaged from the base of DVI. The DVI helix would also presumably exist in a relaxed 

conformation due to the lack of constraint provided by π–πʹ. Following lariat formation, DVI 

probably engages in remodeling of its central internal loop adjacent to A615, causing helical 

compression to turn ‘on’ the π–πʹ interaction, thus sequestering the bulged adenosine away 

from the active site. A second possible model is that the base pairs between the G6 sequence 

(residues 588 to 593) and a pyrimidine-rich tract (612 to 614; 616 to 618) at the proximal side 

of the DVI stem rearrange to reposition the lariat phosphate and engage π–πʹ. Both models 

serve to empty the active site of the 5ʹ end and allow entry of the 3ʹ splice site, which is directly 

attached to the end of DVI. In fact, the primary function of the lariat may be to covalently 

attach to the 5ʹ end to provide an attachment point for this pulling action. 
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Figure 3.14: Model for DVI as the conformational switch for splicing. π-π’ mediates the 

transition between the two steps of catalysis. See text for details. 

 

3.8 Evolutionary implications 

 
 This bulged adenosine of DVI is analogous to the branch site adenosine in 

spliceosomal introns. The branch site sequence UACUAAC (nucleophilic adenosine 

underlined) pairs to the U2 snRNA to extrude the adenosine from the helix26 as in DVI. Owing 

to the mechanistic and evolutionary similarities with group II introns, it is likely that the branch 

site adenosine residue and the 5ʹ end of nuclear introns will adopt a similar spatial 

arrangement relative to the catalytic core of the spliceosome. We predict that the spliceosomal 

branch site adenosine will be sequestered after the first step of splicing with an RNA and/or 

protein contact analogous to the π–πʹ interaction in P.li.LSUI2. In fact, an interaction observed 

between a region just downstream of the branch site and the U5 snRNA loop may be the 

spliceosomal counterpart of π–πʹ27. 

 The P.li.LSUI2 structure provides a rationale for the phylogenetic conservation of the 

5ʹ end. Group II introns have the consensus sequence GUGYG (where Y = U or C)11, which is 

similar to the GUAYG and GURAG (where R = G or A) sequences found at the 5ʹ ends of 

yeast and mammalian introns, respectively28. In the spliceosome, the U6 snRNA pairs with the 

5ʹ end29 in an analogous manner to the ε–εʹ interaction in group II introns. Therefore, these 
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conserved sequences probably form a similar metal-binding platform in spliceosomal introns, 

with the 5ʹ end forming a highly distorted backbone to coordinate magnesium ions that orient 

the splice site in the core. 

 In regards to the evolutionary rationale for the 2ʹ-5ʹ phosphodiester bond, it is known 

that the lariat is required for full reversibility of group II intron splicing30. These reverse splicing 

reactions are the mechanism through which group II introns are able to invade DNA31 and 

disperse throughout genomes. It is likely that the lariat bond pre-organizes the core of the 

intron structure to facilitate this reversibility. Reverse splicing has also been proposed as a 

vehicle for the prolific expansion of nuclear introns32, which comprise ~25% of mammalian 

genomes. There is biochemical support for this hypothesis in that the spliceosome has 

recently been shown to catalyze reverse splicing reactions33. The lariat probably has a similar 

role in spliceosomal introns by allowing reverse splicing to occur, thus accounting for its 

phylogenetic conservation across the kingdoms by enabling ‘selfish introns’ to replicate. 

Therefore, the P.li.LSUI2 crystal structure has provided the first glimpse of the branched lariat 

linkage that was probably crucial for intron proliferation in eukaryotes. 

3.9 Methods 

Cloning and preparation of Pylaiella littoralis LSU I2 intron RNA 

 DNA was synthesized (Genscript) corresponding to the second intron interrupting the 

large ribosomal subunit (LSU) in the mitochondria of the brown alga Pylaiella littoralis 

(P.li.LSUI2). The crystallization construct contains a 15-nt 5′ exon and a 5-nt 3′ exon followed 

by a Hind III restriction site. The DIV open reading frame (ORF) was removed from the 

P.li.LSU2 intron and replaced with a UUCG stem tetraloop. This was cloned into the EcoRV 

site of pUC57. Plasmid was linearized by HindIII digestion prior to in vitro transcription. Non-

conserved loops in domain 1, 2 and 4 were changed from the wild type sequence. Most 

significantly, changing the sequence UAUUUAUA to UCGACAUAAGG in the ID2 stem loop 

improved both crystallization rate and diffraction. The final construct retained wild-type splicing 
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activity. Transcription was performed overnight at 37°C using T7 RNA polymerase in 25 mM 

MgCl2, 2 mM spermidine, 5 mM DTT, 40 mM Tris-HCl pH 7.5, 0.05% Triton X-100, 2.5 mM of 

each NTP, and thermostable inorganic pyrophosphatase (New England Biolabs). CaCl2 was 

added to a final concentration of 1.2 mM, treated with DNase I for 45 minutes, followed by 

proteinase K digestion for 1 hour. The intron reacted to completion during in vitro transcription 

and was subjected to a native purification procedure previously used in the structure 

determination of the O. iheyensis intron9. Spliced intron RNA was repeatedly washed with 10 

mM MgCl2 and 5 mM sodium cacodylate pH 6.5 and concentrated to 10 mg/ml using a 100 

kDa molecular weight cut-off Amicon Ultra-15 column. 

Crystallization 

 The native crystals were grown in sitting drops by vapor diffusion at 30°C. Equal 

volumes of RNA (10 mg/ml) were mixed with 0.4 mM spermine, 21% 2-Methyl-2,4-pentanediol 

(MPD), 175 mM magnesium acetate tetrahydrate, and 90 mM MES monohydrate (pH 5.6). 

Rod-like crystals appeared within two days, and grew to a maximum size of 50×50×900 μm. 

Crystals were gradually exchanged into 21% MPD, 100 mM magnesium acetate tetrahydrate, 

50 mM MES monohydrate (pH 5.6), 3 mM iridium hexammine, 0.5 mM spermine, and 100 mM 

NaCl; followed by flash freezing in liquid nitrogen. Iridium hexammine was used as an additive 

for the native crystals as it reduced mosaicity. Pre-catalytic intron RNA was obtained by 

mutating the AGC catalytic triad of DV to GAU. The mutation maintained stem pairing but 

completely inhibited splicing activity. Crystallization of this mutant was done by microseeding 

under conditions described above. The ι G79A mutant crystallized in 0.2 M ammonium 

acetate, 10 mM calcium chloride, 50 mM sodium cacodylate pH 6.5, and 10% w/v 

polyethylene glycol 4000. Resulting crystals were cryoprotected through gradual transfer to 

the crystallization solution supplemented with 30% ethylene glycol. 
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Structure determination 

 The crystal structure of the P.li.LSUI2 intron was solved at 3.7 Å resolution using 

multi-wavelength anomalous dispersion (MAD) with crystals soaked in 0.5 mM ytterbium (III) 

chloride. Yb3+ soaks were performed in 21% MPD, 100 mM magnesium acetate tetrahydrate, 

50 mM MES monohydrate (pH 5.6), 0.5 mM spermine, 100 mM NaCl, and 0.5 mM YbCl3 for 3 

hours at room temperature. Tl+ soaks were performed in the same manner with 10 mM 

thallium acetate. X-ray data sets were collected at NE-CAT’s 24-ID-C beamline at the 

Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois). Data was 

processed using HKL-200034, heavy metal sites were identified with SHELXD35 and phasing 

done using Phenix36 and SHELXE37. RNA nucleotides were modeled using COOT38 and the 

RCrane plugin39. The phylogenetically predicted secondary structure (Extended Data Fig. 1) 

guided modeling into the electron density. Structure refinement was done using Buster40, 

Phenix36, DEN41, and Phenix.Erasser42. The 2′-5′ phosphodiester bond was restrained using a 

cif restraint file in phenix.refine. All software was compiled by SBGrid43. 

In vitro self-splicing assays 

 The construct used for the in vitro self-splicing assays contained wild-type P.li.LSUI2 

sequence with DIV ORF removed and a 250-nt 5′ exon and 75-nt 3′ exon. This was cloned 

into the pUC57 plasmid. Plasmid was linearized using HindIII and used for in vitro transcription 

with T7 RNA polymerase. Radiolabeled transcripts were prepared as above using 10 μCi [α-

32P] UTP (3000 Ci/mmole), 0.5 mM UTP, 1 mM other NTPs, and 10mM MgCl2. Transcripts 

were gel purified on a 4% polyacrylamide (19:1)/8 M urea gel, RNA was recovered by diffusion 

into 300 mM NaCl, 0.01% SDS, 1 mM EDTA. Self-splicing experiments were performed for 30 

min at 45°C in a splicing buffer containing 10 mM MgCl2, 1M NH4Cl, 40 mM Tris-HCl (pH 7.5), 

and 0.02% SDS. Reactions were stopped by addition of EDTA to a final concentration of 20 

mM. Splicing products were resolved using a denaturing 4% polyacrylamide (19:1)/8 M urea 
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gels. Rate constants for the WT and G79A mutant were derived from curves fit to a biphasic 

exponential equation. All splicing assays were done in triplicate. 
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Chapter 4: Dynamic catalytic triplex that modulates RNA splicing 

4.1 Abstract 

 Group II introns are self-splicing catalytic RNAs that are thought to be ancestral to the 

spliceosome. Both group II introns and the spliceosome share a common active site 

architecture containing multiple base triples that are essential for catalysis. However, the 

precise nature of the role and configuration of this catalytic triplex during the progression of 

splicing was unknown. Here we show that structural rearrangements within the catalytic triplex 

directly mediate the transition between the pre-second step and post-catalytic stages of RNA 

splicing. We report the 3.6 Å crystal structure of a eukaryotic group II intron in the lariat-3′ 

exon form, immediately preceding the second step of splicing. The intact 3′ splice site 

substrate is aligned in the active site adjacent to the catalytic metal ions and the 3′-OH 

nucleophile of the 5′ exon. Comparisons with the post-catalytic structure reveal extensive 

rearrangements occurring within the catalytic triplex. As splicing progresses, the conserved 

linker sequences J2/3, J4/5 and J5/6 engage in a “shuffling” action within the catalytic triad of 

domain V to facilitate 3′ splice site capture for the transition towards the second step of 

splicing and exon ligation. Mutagenesis of this triplex results in alternative 5′ and 3′ splice site 

recognition consistent with its role in the spatiotemporal positioning of substrates within the 

active site during the splicing reaction. Therefore, we hypothesize that each stage of splicing 

is associated with a specific, unique arrangement of the catalytic triplex. Based on this data, 

we propose a detailed mechanism for the second step of RNA splicing encompassing a 

dynamic catalytic triplex that has implications for the evolutionarily related spliceosome. 
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4.2 Introduction 

 Group II introns are self-splicing ribozymes that catalyze two transesterification 

reactions to excise themselves from a pre-mRNA. In the first step of splicing, the 2’-OH of a 

bulged adenosine residue is used as the nucleophile to attack the 5’ splice site. This is 

followed by a second step in which the free 3’-OH of the 5’ exon attacks the 3’ splice site to 

form ligated exons. The chemistry of this RNA splicing reaction is identical to that found in the 

splicing of nuclear introns by the spliceosome in eukaryotes. Introns comprise ~25% of the 

genomes of mammals1 and contribute greatly to organismal complexity through the process of 

alternative splicing which allows increased proteomic diversity2,3. There is strong phylogenetic, 

biochemical, and structural evidence supporting the hypothesis that group II introns are 

ancestral to the eukaryotic spliceosomal machinery4. Recently, a cryo-EM structure of the 

spliceosome was determined at 3.6 Å resolution and revealed that its active site architecture is 

highly conserved with that of group II introns, with both utilizing a two-metal-ion mechanism to 

catalyze RNA splicing5. In addition, the RT/maturase protein component of group II introns has 

extensive structural and sequence homology with the core Prp8 protein from the 

spliceosome6. Therefore, the cumulative evidence strongly suggests an evolutionary link 

between group II introns and the spliceosome.  

 Group II introns have an RNA secondary structure consisting of six domains7 with 

domain V coordinating the two catalytic metal ions, M1 and M28, and domain VI containing the 

bulged adenosine used as the nucleophile in the first step. The active site of group II introns 

resides within DV that has a secondary structure consisting of a stem loop containing a two-

nucleotide bulge and a conserved catalytic triad separated by five base pairs. The crystal 

structure of a primitive group IIC intron from the bacterium Oceanobacillus iheyensis (O. 

iheyensis)9 first revealed that the CGC catalytic triad (AGC sequence in eukaryotes) forms 

three consecutive base triples with the two-nucleotide bulge of domain V (DV) and the junction 

of domains II and III (J2/3). Yeast genetic experiments also confirmed analogous base triple 
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interactions within the U2/U6 snRNA, which forms the active site of the spliceosome10. This 

‘catalytic triplex’ is also present in the cryo-EM structure of the spliceosome. Given the high 

degree of conservation, it is likely that probing the functional role of the catalytic triplex in 

group II introns will give insight into the analogous spliceosomal core. Interestingly, the 

structure of the eukaryotic group IIB intron from Pylaiella littoralis (P.li.LSUI2)11 revealed an 

additional configuration of the catalytic triplex different from that observed in the bacterial 

group IIC intron. This new configuration has one base triple disengaged and shifted downward 

within the DV helix. This was unexpected given the high degree of sequence conservation 

seen in this core region of group II introns from bacteria to higher eukaryotes12. Given the fact 

that there are at least two different configurations of base triples within the catalytic domain V, 

we hypothesized that these have a functional linkage with distinct stages of splicing. 

Consistent with this observation, Marcia et al.13 had observed that J2/3 disengaged from the 

core after the first step in the bacterial IIC intron. However, this construct did not allow the full 

transition to the second step to be visualized as domain VI and the 3’ splice site are missing 

from this bacterial structure. 

 Here we report the 3.6 Å crystal structure of a eukaryotic group IIB intron from the 

brown algae Pylaiella littoralis (P.li.LSUI2) in the lariat-3′ exon form (Table 4.1). This 

represents the first structure of a group II intron at an intermediate stage directly preceding the 

second step of splicing. The intact 3′ splice site is aligned in the active site adjacent to the 

catalytic metal ions and the 3′-OH nucleophile of the 5′ exon (Figure 4.1). Comparisons with 

the post-catalytic structure reveal extensive rearrangements in the catalytic triplex. As splicing 

progresses, the conserved junction sequences between DII and DIII (J2/3), DIV and DV 

(J4/5), and DV and DVI (J5/6) engage in a “shuffling” action within the catalytic triad of domain 

V to facilitate the transition towards the subsequent step of splicing. Mutagenesis of these 

conserved linker sequences results in aberrant splicing, consistent with a role in positioning 

exon substrates in the core. Furthermore, we propose each stage of splicing is associated 

with a specific, unique arrangement of the catalytic triplex. 
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Table 4.1: Data collection and refinement statistics 

  P.li.LSUI2 Pre-2S P.li.LSUI2 Post-Catalytic 

Rerefine 
Data collection    

Space group  C2221 C2221 

Cell dimensions    

    a, b, c (Å)  165.01, 256.89, 137.23 163.7, 255.4, 136.8 

 ()   90, 90, 90 90, 90, 90 

Resolution (Å)  150.00-3.70 (3.83-3.70) 150.0-3.68 (3.74-3.68) 

(3.74-3.68) 
Rsym or Rmerge  11.4 (58.6) 14.9 (>100) 

I / I  15.1 (1.21) 6.4 (0.6) 

Completeness (%)  97.1 (92.9) 99.9 (99.9) 

Redundancy  3.5 (3.2) 6.8 (3.8) 

    

Refinement    

Resolution (Å)  50.08-3.70 (3.82-3.70) 81.83-3.68(3.77-3.68) 

No. reflections  31200 31107 

Rwork / Rfree  21.63/25.40(32.12/34.09) 20.99/25.48(36.93/42.48) 

No. atoms  13881 14107 

    RNA  13541 13479 

    Ligand/ion  104 382 

    Water  236 246 

B-factors    

    RNA  200.4 192.7 

    Ligand/ion  157.9 179.5 

    Water  172.0 159.0 

R.m.s. deviations    

    Bond lengths (Å)  0.002 0.009 

    Bond angles ()  0.516 1.080 

*Values in parentheses are for highest-resolution shell. 
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Figure 4.1: The overall structure of the pre-2s group II intron. The overall structure is 
similar to the post-catalytic structure, with the large exception of the intact 3′ splice site at the 
core of the intron (inset). The 3′ exon is help in place by EBS3. 

4.3 Iridium (III) hexamine promotes the post-catalytic state 

 Previously, we solved the structure of the P.li.LSUI2 intron in the post-catalytic state 

using crystals which were soaked in iridium hexamine prior to data collection11. Inspection of 

the major groove of DVI revealed two iridium hexamine molecules and a magnesium 

hexahydrate (Figure 4.2) in the vicinity of the proposed conformational switch known as the π-

π′ interaction. This interaction engages after the first step of splicing to remove the newly 

formed lariat out of the active site to allow entry of the 3′ splice site. Therefore, this interaction 

is crucial for the transition to the second step of splicing. We had postulated that the region of 

DVI surrounding the π-π′ interaction is flexible and dynamic to allow the observed 20 Å 

displacement of the lariat bond out of the active site after the first step. We initiated the current 

study based on the hypothesis that the presence of these three outer-shell coordinated metal 

ions could “lock down” this dynamic π-π′ region into the observed conformation with 
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biochemical consequences for the splicing reaction. This is supported by splicing reactions of 

P.li.LSUI2 in the presence or absence of iridium hexamine in a limiting splicing conditions of 

MgCl2 and NH4Cl (Figure 4.3). Conditions lacking iridium hexamine are unable to support 

splicing (Figure 4.3a). In contrast, supplementation with iridium hexamine at concentrations as 

low as 50 μM (~80-fold lower than [Mg2+]) is able to promote splicing (Figure 4.3b). The low 

concentration of iridium hexamine required suggests that it may be playing a more complex 

role beyond simple charge neutralization of the phosphate backbone. In addition, analysis of 

the splicing products reveals that there is no visible lariat-3’exon intermediate (representing 

the pre-second step state) for reactions containing iridium hexamine. This is highly unusual in 

that most group II introns form a significant amount of this intermediate during time courses of 

in vitro splicing reactions14. This is in contrast to the splicing reaction at 5.4 mM Mg in the 

absence of iridium hexamine which results in the significant accumulation of lariat-3’ exon 

intermediate. The fact that this intermediate is not visible in the presence of iridium hexamine 

suggests that this metal complex has a stimulatory effect on the second step to favor the post-

catalytic state. Group II intron splicing is known to be reversible15–17, and it is possible that 

iridium hexamine locks DVI into a conformation that shifts the reaction equilibrium towards 

exon ligation. This would prevent the reversal of the splicing reaction and lead to an 

accumulation of fully spliced lariat RNA in the presence of iridium hexamine and no visible 

lariat 3’-exon intermediate. Further evidence that iridium hexamine favors the post-catalytic 

state is provided by an analysis of the 3’ end of the RNA present in native crystals and those 

soaked in iridium hexamine. End mapping was done to determine cleavage at the 3’ splice site 

(Figure 4.4). This confirms the presence of an intact 3′ splice site in the native crystals and 

spliced, post-catalytic intron in the iridium hexamine derivative. 
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Figure 4.2: Iridium hexamine bound to the major groove of DVI. a) Two iridium hexamines 
and a magnesium hexahydrate are bound to major groove of DVI in the postcatalytic structure. 
Ir+ anomolous maps (light blue) controured to 2.0σ, Mg∙6H2O Fo-Fc map (green) contoured to 
3.6σ. b) The post-catalytic (blue) and pre-2s (orange) conformation of DVI overlayed. The 3′ 
terminus of the intron undergoes a rearrengeme between this step. The backbone of the 
bulged adenosine is highly distroted in the presense of Ir∙6NH4. 

 

 

Figure 4.3: Iridium hexamine shifts equilibrium towards the post-catalytic state. a) 
P.li.LSUI2 spliced in limiting conditions with Mg2+ (4 mM Mgcl2, 50 mM NH4Cl, left) or Ir3+ (50 

µM Ir∙6NH4). Kinetic curves describing the effects of Mg2+ and Ir3+ on splicing.  
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Figure 4.4: 3′ end mapping of P.li.LSUI2 crystals. a) Diagram describing the 3′ end mapping 
reaction. Crystals were harvested and pooled into two fractions for analysis of the effect of 
Iridium hexamine. b) RT-PCR products were cloned and sequenced. 90% of sequences 
without Iridium hexamine incubation contained an intact 3′ splice site. 100% of sequences 
soaked with iridium hexamine were fully spliced. 

4.4 Structure of the lariat-3′ exon intermediate  

 

 The structure of lariat-3′ exon intermediate in the pre-second step (pre-2S) state was 

determined at 3.6 Å resolution (Rfree=24.5%) using diffraction data collected from native 

crystals in the absence of iridium hexamine (Table 4.1). In order to avoid model bias, Fo-Fc 

omit maps were calculated by deleting nucleotides spanning the 3′ splice site (Figure 4.5) for 

both the pre-2s and post-catalytic states. This reveals density for an intact 3′ splice site in the 

native crystals and confirms that this structure represents the pre-2s state. A comparison of 

both structures reveals significant differences within DV, DVI, and the 3′ end of the intron. 

Examination of the intron core reveals the 3′-OH of the 5′ exon poised to engage in 

nucleophilic attack at the intact 3′ splice site (Figure 4.1, Figure 4.5a). The scissile phosphate 

junction at the 3′ splice site is highly distorted and kinked as predicted by Chan et al. (2012)18. 

This distortion probably aids in presenting the correct scissile phosphate to the catalytic metal 

ions for cleavage in the second step, in addition to applying additional strain on this bond. The 

3′ splice site is positioned in the core via domain 6 (DVI) and the IBS3-EBS3 interaction. IBS3-



72 
 

 
 

EBS3 consists of a single Watson-Crick pair between the first nucleotide of the 3′ exon (IBS3) 

and an internal intron base (EBS3), while domain 6 is covalently attached immediately 

upstream of the 3′ splice site. The 3′ splice site in this structure is located ~10 Å away from the 

catalytic metals M1 and M2; therefore, it must undergo a shift towards the active site in order 

to be cleaved in the second step. This suboptimal positioning of the scissile phosphate 

accounts for the intact state of the 3′ splice site in the structure.  

 

Figure 4.5: Omit maps of the 3′ terminus of P.li.LSUI2. a) The pre-2s map shows density 
corresponding to a sharp bend at the 3′ splice site. b) The post-catalytic map shows two 
discrete regions of density that are non-continuous between the 3′ end of the intron and the 
ligated exons (the last two nucleotides of the exons were deleted to generate the maps). The 
Fo-Fc omit map (green) were contoured to 2.7σ. The 2Fo-Fc map (magenta) was contoured to 
0.8σ. 

 This structure also suggests that the pathway between the first and second steps of 

splicing consists of multiple conformational rearrangements that set the stage for 3′ splice site 

capture and cleavage. Evidence for this hypothesis comes from the fact that the γ-γ′ 

interaction is not engaged in the observed state. This interaction consists of a single Watson-

Crick pair between the 3′ terminal nucleotide of the intron and a residue from J2/3. The γ-γ′ 

interaction is critical for 3’ splice site capture for the second step19–21. In the lariat 3′-exon 

structure, the γ nucleotide from J2/3 is flipped 180° away from the active site and therefore 
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cannot form the pairing with the 3′ terminal nucleotide (γ′) of the intron (Fig 4.6). There are 

only two instances of the γ nucleotide engaged in an active conformation, with the J2/3 

nucleotides having been altered in each case. In the bacterial pre-catalytic structure18, a 

mutation was made to the central catalytic triad position that destabilized the J2/3 catalytic 

triplexes. While being captured in a pre-catalytic state with the 5′ exon still covalently attached 

to the intron, this triplex destabilization allowed the γ nucleotide to toggle to in an active 

conformation. This was further corroborated with various metal soaks perturbing the structure 

of the bacterial intron13. The lack of this interaction accounts for the fact that the 3′ splice site 

is not optimally positioned for cleavage in this structure and indicates that γ-γ′ is a transient 

and dynamic contact. We propose that γ is coupled to the J2/3 nucleotide disengaging from 

the triplex, and acts as a quality control mechanism to ensure that only the correct 3′ splice 

site can enter into the active site between the first and second steps of splicing. 
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Figure 4.6: The γ nucleotide in an inactive conformation. While the γ′ nucleotide is poised 
to pair, the γ nucleotide is rotated away from the active site and not base-stacking with A573.  

4.5 Novel catalytic triplex arrangement in the lariat-3’ exon intermediate 

 The catalytic triplex in group II introns consists of consecutive base triples involving 

nucleotides from the catalytic triad, the two-nucleotide bulge, and J2/3 (Figure 4.7). A 

comparison of the structures of the post-catalytic IIB with the pre- and post-catalytic IIC intron 

revealed significant differences in the patterns of base pairing within the catalytic triplex 

(Figure 4.7b, Figure 4.7c). In the pre- and post-catalytic structures of the bacterial O. iheyensis 

intron (Figure 4.6a), three base triples are observed involving the catalytic triad, the DV two-

nucleotide bulge, and J2/3. 
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Figure 4.7: The three distinct catalytic triplexes of group II introns. a) The catalytic triplex 
arrentment observed in the bacterial intron O.i. contains two J2/3 nucleotides participating in 
base tripples. It’s inability to properly catalyze the second step of splicing indicates that this 
arrangement corresponds to the active site directly prior to the first step of splicing. The base 
triples highlighted are between C358- G386-C289, analogous to A551-U582-G421, 
respectively. b) The pre-2S catalytic triplex of Pli.LSUI2 displaces a J2/3 residue with a J4/5 
residue in one of the catalytic triplex position. This is initiated by the formation of π-π′, which 
moves the basal stem of DVI to promote the rearrentments. c) The post-catalytic triplex 
conformation of Pli.LSUI2 has only catalytic triplexs formed, reflecting an inactive state once 

splicing has completed. 

 However, in the post-catalytic eukaryotic IIB intron, we saw the first evidence for 

additional junction nucleotides (other than J2/3) participating in core base triples. Specifically, 

we observed that A422 of J2/3 disengages with A551 of the catalytic triad to form a base triple 

with U549 of J4/5 and U584 of J5/6 at the base of DV. We hypothesize that this triplex 

configuration represents the ‘off state’ following the completion of splicing to generate ligated 

exons. Surprisingly, the pre-2s structure reveals yet another configuration of the catalytic 

triplex. In comparison with the post-catalytic structure, A586 of J5/6 has taken the place of 

U549 in the base triple below DV, which promotes U549 to form a base triple with A551 of the 

triad. This catalytic triplex represents an active conformation that corresponds to the second 

step of splicing. In light of these two additional triplex configurations, it is probable that the 

triplex observed in the bacterial group IIC intron corresponds to the first step of splicing. This 

inference is made based upon the fact that the bacterial intron is not observed to engage in 

these alternative configurations since it is a truncated, linear form lacking domain VI and the 3′ 

splice site that is the second step substrate13,18. In addition, it is also missing the J5/6 linker, 

which participates in the catalytic triplex in the eukaryotic group IIB intron12. As a result, the 
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linkers in the bacterial structure are likely not able to reorient themselves into catalytically 

relevant configurations as observed in the group IIB intron. Therefore, it is not possible to 

capture the true nature of the transition to the second step in this bacterial model system. 

However, there is structural evidence for J2/3 disengaging from the catalytic triad after the first 

step of hydrolytic splicing, which is consistent with the remodeling of the catalytic triplex 

observed in this study.  

 The cumulative data suggests that there are at least three distinct, specific 

configurations of the catalytic triplex associated with different stages of splicing (Figure 4.6). 

We propose that these different triplex conformations allow the intron active site to 

choreograph the correct placement of splice site substrates within the catalytic core to ensure 

high fidelity of splice site selection. 

4.6 Catalytic triplex nucleotides modulate RNA splicing 

 Previous work by Boulanger et al.22 tested the effects of mutations and changes in 

length of the J5/6 linker in the related aI5γ group IIB intron. Both P.li.LSUI2 and aI5γ share a 

highly conserved secondary structure that is typical of the chloroplast-like class 1 phylogenetic 

subgrouping. Therefore, this allows biochemical data from aI5γ to be directly correlated to the 

P.li.LSUI2 intron. Boulanger et al. found that different alterations in the length and sequence of 

the J5/6 linker resulted in significant effects upon lariat formation, exon ligation, and 3’ splice 

site selection. Shortening of the linker resulted in significant defects in lariat formation. 

 To test the function of the analogous junction nucleotides in the P.li.LSUI2 intron, we 

altered the sequence and length of the J4/5 and J5/6 linkers. All of the mutants resulted in 

aberrant splicing with inhibition of either the first or second step of splicing (dependent upon 

the specific mutation) (Figure 4.8a, 4.8b). Shortening of the J5/6 linker (J5/6(1)) results in 

complete inhibition of lariat formation. Instead, this mutant engages in hydrolytic cleavage at a 

cryptic site within the 5′ exon. Therefore, this has a large negative effect upon the first step of 

splicing with the intron attempting to use an alternative 5′ splice site. Lengthening of J5/6 to 
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four or five residues results in a significant accumulation of lariat-3′ exon, which indicates a 

second step splicing defect. These mutants also engage in alternative 3′ splice site selection 

up to 16 nucleotides downstream of the wild-type 3′ splice site. Single-nucleotide substitutions 

within J5/6 also result in a second step splicing defect. The cumulative data are consistent 

with a model in which conformational changes in the catalytic triplex are involved in a complex 

interplay of substrate positioning events in the active site that are essential for proper splice 

site selection. It is also possible that there exist additional configurations of the catalytic triplex 

that may be more transient in nature and not yet visualized.  
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Figure 4.8: Junction mutations affect splicing equilibrium. a) In vitro splicing assays of 
P.li.LSUI2 after 30 minutes. WT has reached equilibrium, with the final lariat product as the 
predominant band. Mutating the length of the J5/6 linker to four, or five nucleotides results in 
an accumulation of pre-2s intron. b) Secondary structures depicting the mutations done. 
G550C changes the length of J5/6 to four nucleotides by unpairing the first base pair of DV. 
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 These biochemical results also may explain the aberrant splicing observed in vitro for 

group IIC introns, which have been shown to undergo alternative splicing and/or promiscuous 

intramolecular hydrolytic cleavage(s)23. This may be correlated with the fact that these introns 

undergo splicing through hydrolysis, which implies that DVI and J5/6 are not properly 

positioned. As a result, both splice site fidelity and lariat formation is compromised in a 

manner similar to that seen in the J5/6 mutants of the eukaryotic group IIB intron. However, it 

is known that addition of the corresponding maturase rescues lariat formation, likely through 

stabilization of DVI and the junction linkers24. 

4.7 Model for the second step of RNA splicing 

 Given the pre-2s and post-catalytic structures of the eukaryotic group IIB intron, we 

are now able to construct a detailed model for the second step of splicing. Following the first 

step and the exit of the 2′-5′ lariat phosphodiester bond from the active site, the catalytic triplex 

prepares for the second step with A422 disengaging from A551 (Figure 4.9). Displacement of 

the lariat bond from the core allows the 3′ terminus to enter the active site and remodels J5/6. 

EBS3-IBS3 then forms to anchor the 3′ end of the intron and causes A586 of J5/6 to displace 

U549 at the base of DV to activate the catalytic triplex for the second step. Finally, A420 (γ) 

enters its active conformation by stacking under A573. The formation of γ-γ′ draws the 3′ splice 

site into the active site and promotes proper exon ligation. 
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Figure 4.9: Model of the complete pathway for the second step of splicing. a) A422 
disengages from the catalytic triad, following the first step of splicing. b) The formation of π-π′ 

causes the basal stem of DVI to shift, prompting A586 of J5/6 to remodel and activate U549 of 
J4/5 to engage in the catalytic triplex. c) A420 (γ) rotates ~180° to an active conformation to 
pair with U622 (γ′). d) U622 (γ′) pairs with A420, which moves the 3′ splice site into the active 
site. e) The second step of splicing takes place, with the 3′ OH of the 5′ exon activated for 
nucleophilic attack on the 3′ splice site. f) The exons are ligated together, and the active site 
moves to an inactive state, with only 2 of the three catalytic triplexes engaged. 

4.8 Discussion 

 There is now extensive evidence that the spliceosome is also a ribozyme and has an 

active site configuration similar to that of the group II intron5,10. Based on the conservation of 

junction nucleotides between both systems, this line of thought can be extended there as well 

(Figure 4.10). Here, we describe core rearrangements of the catalytic triplex in a eukaryotic 

group II intron that are associated with the progression of the different stages of splicing. We 

further show that this triplex is essential for the efficiency and fidelity of splice site selection 

with mutagenesis of the junction nucleotides having profound effects on catalysis. Taken 

together, the data suggests a model in which dynamic rearrangements of the catalytic triplex 

are responsible for the positioning and removal of exon substrates from the active site for the 

two steps of splicing. This model is also consistent with biochemical effects observed for these 

linker sequences in the literature.  
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Figure 4.10: Sequence conservation of junction nucleotides. a) The junction nucleotides of 
the group II intron are highly conserved, and correlate to their observed function in the pre-2s 
structure. b) The Spliceosome junction nucleotides identified by either their proximity to the 
catalytic triad (J4/5 and J5/6 analogues) or their previous biochemical data (J2/3 analogue). 
Dashed boxes denote the junction nucleotides. Red numbers indicate bases identified to 
participate in the catalytic triplex. Nucleotide numbers for the group II intron and spliceosome 
sequences correspond to P.li.LSUI2 and S. pombe. 

 

 Given that there is evidence for a group II intron-like catalytic triplex in the 

spliceosome, we propose that it also utilizes similar core RNA rearrangements to properly 

select the correct splice sites to facilitate catalysis. This is supported by an analysis of the 

cryo-EM structure of the spliceosome, which reveals the existence of sequences in the U2/U6 

snRNA catalytic core that are analogous to the J2/3, J4/5, and J5/6 linkers from the eukaryotic 

group IIB intron. A prominent feature of this structure is the location of the spliceosome protein 

prp45, which has an extended conformation and encircles a significant portion of the 

spliceosome (Figure 4.11). Interestingly, prp45 interacts with the phosphate backbone of the 

U6 snRNA and is in close proximity to the catalytic triplex. We hypothesize that this region of 

prp45 functions as the ‘triplex sensor’ domain that can sense the conformation of the triplex 

configuration in the active site and relay this information to other regions of the spliceosome to 
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regulate splicing. This would allow conformational rearrangements in the spliceosome to be 

synchronized with either the first or second step of splicing. 

 

Figure 4.11: The core architecture of the spliceosome. The spliceosome structure contains 
analogous junction nucleotides to the group II intron (highlighted with thicker backbone 
representations). Prp45 (magenta) spans a large distance into the overall structure and makes 
contacts with the analogous J5/6 region. PDB ID 3JB9 used in this figure. Chains A,B,K,h 
(spp42, cwf10, prp5, cwf15, respectively) not shown in the overall figure so RNA core can be 
visualized. 
 

4.9 Methods 

Crystallization of Pylaiella littoralis LSU I2 intron RNA 

 The crystallization construct of P.li.LSUI2 RNA contained the identical construct 

prepared previously11. Crystallization utilized to same conditions to grow the rod-like crystals 

that grew within two days to a maximum size of 50×50×900 μm. Crystals were gradually 

exchanged into 21% MPD, 100 mM magnesium acetate tetrahydrate, 50 mM MES 

monohydrate (pH 5.6), 0.5 mM spermine, and 100 mM NaCl; followed by flash freezing in 

liquid nitrogen. It is important to note that no iridium hexamine was present at any step of 

crystallization. 
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Structure determination 

 The crystal structure of the pre-2s P.li.LSUI2 was solved at 3.7Å. X-ray data sets were 

collected at NE-CAT’s 24-ID-C beamline at the Advanced Photon Source (Argonne National 

Laboratory, Argonne, Illinois). Data was processed using HKL-200025. The post-catalytic 

structure of P.li.LSUI2 (PDBID 4R0D) was used as a search model for molecular replacement 

using PHENIX26. The last 10 and 5 nucleotides of the intron and 5′ exon, respectively, were 

deleted to avoid model bias. RNA nucleotides were modeled using COOT27 and the RCrane 

plugin28. Structure refinement was done using Buster29, Phenix26, DEN30, and 

Phenix.Erasser31. SBGrid compiled all the software used32. Figures were prepared using 

Pymol33, and sequence logos using Weblogos34. 

In vitro self-splicing assays 

 All in vitro splicing assays were as described in Robart et al (2014). Kinetic curves 

were analyzed and drawn using Igor Pro35. 
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Chapter 5: The GUAAY pentaloop: a novel motif in the group IIB1 intron 

structure 

 

5.1 Abstract 

 

 Large RNAs often utilize tetraloops as structural elements to stabilize the overall 

tertiary fold. In contrast, only one pentaloop has been implicated to participate in an RNA-RNA 

interaction as revealed through nucleotide analogue interference mapping (NAIM).  Here we 

show that the conserved GUAAY pentaloop found in domain II of group IIB1 introns 

participates in a novel class of RNA tertiary interaction. This pentaloop is highly conserved 

within the IIB1 class and interacts with the minor groove of the catalytic DV. The loop 

architecture and insertion orientation is distinctive from the typical GNRA tetraloop-receptor 

interaction, with in vitro splicing data indicating that a tetraloop is incompatible at this position. 

We therefore propose, based on phylogenetic, structural, and biochemical data, that the 

GUAAY pentaloop represents a novel RNA structural motif. 

5.2 Introduction 

 One of the most ubiquitous RNA structures is the tetraloop 1,2, a four nucleotide 

sequence that caps an A-form double helix. While numerous tetraloop motifs have been 

identified, three are the most prevalent: CUUG3, UNCG4, and GNRA5, with the latter most 

demonstrating a robust ability to form RNA tertiary structures. GNRA tetraloops comprise a 

large majority of tetraloop-tetraloop-receptor interactions, where the loop nucleotides interact 

with the minor groove of an RNA helix. Additionally, different GNRA-loop sequences have 

varying affinities for receptor sequences, allowing this tertiary structure motif to be sequence 

specific6–8. 

 While pentaloops have been demonstrated to have a wide range of functions9–11, only 

one has been postulated to function as an RNA tertiary element12. The GUAAY pentaloop is 

found within group IIB1 introns and participates in the µ-µ′ interaction. Nucleotide Analogue 
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Interference Mapping (NAIM), it was identified that the µ-µ′ interaction involves the pentaloop 

of the DIIIa helix interacting directly with the catalytic DV (Figure 1a). This µ-µ′ interaction 

occurs directly adjacent to the κ-κ′ interaction in the group IIB1 intron crystal structure13, and 

results in a quintuple adenosine base stack inserting into the minor groove (Figure 5.1b. and 

Figure 5.1c). Additionally, the ζ-ζ′ is a canonical GNRA tetraloop-receptor interaction that 

induces a 70° bend to establish the active site. Here we present phylogenetic, structural, and 

biochemical evidence that distinguishes the GUAAY pentaloop from the ubiquitous GNRA 

tetraloop and reveals a new class of RNA tertiary interactions.   

 

Figure 5.1: DV acts as a receptor to two tertiary interactions. . a) Secondary structure 
show the three tertiary interactions involving DV. μ and κ insert five adenosines into the minor 
groove or binding face of DV. b) The tertiary structure of the minor groove of DV. The five 
adenosines base stack with one another, perpendicular to the direction of the minor groove. c) 
The μ-μ′ interaction positions three nucleotides into the minor groove of DV. The first two 

nucleotides initiate the loop, while the final three nucleotides (green) contact the receptor. 
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5.3 Sequence Conservation 

 Alignment of group II introns within the same phylogenetic class14 as P.li.LSUI2 reveal 

that the first, second, third, and fourth nucleotide of the pentaloop sequence is highly 

conserved as GUAA (Table 1). At the fifth position, a pyrimidine residue is always observed, 

with a U and C representing 71% and 19% of the sequences, respectively, giving rise to the 

GUAAY consensus sequence. Additionally, the loop is closed off by a conserved U-G wobble 

pair (85%), but there are no observed occurrences of the inverse G-U wobble pair. This differs 

from GNRA tetraloops, which tend to have a preference for C-G base pairs at this position15,16. 

In addition to the sequence conservation, the loop is attached to the DIIIa helix which has a 

highly conserved length of seven base-pairs (Figure 5.1a). 
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Table 5.1. Sequence Alignment of the GUAAY pentaloop in group IIB1 introns. P.li.I2 
(P.li.LSUI2) sequence is bolded. Sequence positions that are 100% conserved are denoted 
with a black background, while positions that are >75% conserved are denoted with a light 
grey background. Positions that were >95% pyrimidine and purine are denoted in light blue 
and light green, respectively. 

Intron name N Y U G U A A Y G R N  

P.li.I2  

Sh.fr.I1 A U U G U A A C G A U  

Vi.an.I1  A U U G U A A C G A U  

Vi.ha.I1  A U U G U A A C G A U  

Wo.sp.I1  U U U G U A A C G A A  

Wo.sp.I3 U U U G U A A C G A A  

A.v.I3 C C U G U A A C G G G  

A.v.I1 C C U G U A A C G G G  

Th.e.I1 U C U G U A A C G G A  

Al.sh.I1 C C U G U A A C G G G  

Cu.me.I1 G C U G U A A U G G U  

Cu.me.I2 G C U G U A A U G G U  

Ag.r.I1 G C U G U A A U G G U  

Al.bo.I1  C C U G U A A U G G G  

Al.sh.I2 C C U G U A A U G G G  

B.t.I1  U C U G U A A U G G G  

B.vu.I1 C C U G U A A U G G G  

B.vu.I2  U C U G U A A U G G G  

Ci.ro.I1  G C U G U A A U G G U  

E.c.I5 U C U G U A A U G G A  

P.st.I1  C C U G U A A U G G G  

H.s.I1  A C U G U A A U G G U  

Hm.ar.I1 G C U G U A A U G G U  

Kl.pn.I2 U C U G U A A U G G A  

Le.pn.I1  U C U G U A A U G G A  

Le.pn.I2 G C U G U A A U G G C  

P.st.I2 C C U G U A A U G G G  

P.p.I2 C C U G U A A U G G G  

P.p.I4  G C U G U A A U G G C  

Po.sp.I3 U C U G U A A U G G A  

Po.sp.I4 U C U G U A A U G G A  

Po.sp.I1 U C U G U A A U G G A  

Po.sp.I2 U C U G U A A U G G A  

Re.sp.I1 G C U G U A A U G G C  

Sh.sp.I2 U C U G U A A U G G A  
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Table 5.1. Sequence Alignment of the GUAAY pentaloop in group IIB1 introns, cont’d. 

Intron name N Y U G U A A Y G R N  

Th.e.I7 U C U G U A A U G G A  

X.f.I1  C C U G U A A U G G G  

Th.e.I3 U C U G U A A U G G A  

Eu.re.I1  C U U G U A A U G A G  

An.pr.I1 C U U G U A A U G A G  

Eu.si.I2  C U U G U A A U G A G  

Fa.pr.I1 C U U G U A A U G A G  

S.ce.I5  A U U G U A A U G A U  

Sh.ba.I1  A U U G U A A U G A U  

Sh.pi.I1  G U U G U A A U G A U  

Sb.mo.I1 U U U G U A A U G A A  

Sh.sp.I1 A U U G U A A U G A U  

Vi.ha.I2 A U U G U A A U G A U  

Sh.se.I1 A U U G U A A U G A U  

E.c.I8  G C U G U A A U A A C  

T.e.I8  U G U G U A A U A C A  

R.pi.I1 G C U G U A A U C G U  

P.ae.I2 G C U G U A A U C G U  

Ch.lu.I1 C C U G U A A U C G G  

Ch.ph.I1 C C U G U A A U C G G  

Pr.ae.I4 C C G G U A A U G G G  

S.eq.I1 G C A G U A A U G G C  

Hp.au.I1  U C C G U A A U C G A  

5.3 Pentaloop Structure 

 The first nucleotide of the pentaloop (G448) stacks directly on top of the capping U-G 

wobble pair (Figure 5.2a). Interestingly, instead of stacking on U447, which would be expected 

in an A-form helix, it stacks almost entirely on G553, which draws the backbone of the loop in 

the direction of the minor groove of DV. This may explain the preference for a U-G over G-U 

wobble pair, as the later would orient the loop further from its receptor interaction. The second 

pentaloop nucleotide (U449) continues the base stack above the first nucleotide. The Watson-

Crick face of these two nucleotides are oriented in a similar direction, which keeps the 

phosphate backbone in an A-form helix-like conformation. In addition, the Watson-Crick face 
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of U449 is positioned towards the backbone of C452. In this orientation, N3 of U449 forms a 

hydrogen bond with a non-bridging oxygen. A cytosine substitution would abolish this 

hydrogen bond, while a purine substitution would result in either a steric clash or move the 

backbone into a sub-optimal loop orientation. Altogether, the configuration of the second 

nucleotide in context within the overall loop structure provides a rationale for its conservation.  

The third loop nucleotide (A450) initiates the uridine-like turn17 and causes its Watson-Crick 

face to deviate from an A-form helix rotation. Instead, the orientation of the glycosidic bond is 

rotated ~180° which allows the insertion of its nucleobase into the minor groove of DV. This 

contrasts with the GNRA tetraloop, where a uridine-like turn conformation is initiated between 

nucleotides one and two (G|NRA)18. The fourth pentaloop nucleotide (A451) stacks beneath 

the previous nucleotide and also inserts its nucleobase into the minor groove of DV. Finally, 

the last nucleotide of the pentaloop (C542) finishes the base stack below A451. It makes a 

single hydrogen bond between O2 and N2 of G555 from the receptor. Because O2 is present 

in either uracil or cytosine, this provides a rationale for the conservation of a pyrimidine at this 

position. 

 A structural motif search was done to determine if similar loop structures existed in the 

PDB, but were unannotated. Using the AMIGOS II program19, we initiated an (η,θ) search, with 

the pentaloop values corresponding to (182.1, 218.3), (175.2, 256.4), (18.7, 231.2), (162.9, 

223.6), and (167.8, 273.0). Based on this search, which included the recent spliceosome and 

U4/U6.U5 tri-snRP structures, no match was identified, indicating that this loop is a novel RNA 

structure. 



92 
 

 
 

 

Figure 5.2: Contrasting strucure of the GNRA tetraloop vs GUAAY Pentaloop. The GNRA 
tetraloop (left) and the GUAAY pentaloop (right) are connected to a three base-pair helix and 
aligned to the bottom of the stem. This results in the GUAAY pentaloop extending 
approximately one base pair higher and at a different orientation. Nucleotides of the GNRA 
tetraloop and GUAAY pentaloop that interact with their cognate receptor are colored in orange 
and green, respectively  b) The GNRA tetraloop (left) nucelotides insert parallel to the base 
planes of the receptor, while the GUAAY pentaloop nucleotides are nearly perpendicular to 
the receptor base planes. This would foreseeably allow more nucleotides to insert into the 
minor groove. 
 

 There is some commonality between the GNRA tetraloop and the GUAAY pentaloop. 

Both loop structures allow the last three nucleobases to splay out in a manner that allows 

them to interact with a receptor (Figure 5.2b). However, the base planes of the loops 

represent a significant difference between the two. In the GNRA tetraloop, the first and last 

nucleotide are on the same plane and form a non-canonical base pair between the guanosine 

sugar edge and the Hoogsteen face of the adenosine. In contrast, the guanosine of the 

pentaloop is the only base on its base plane. Rather, the second nucleotide (U449) is located 
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on the same base plane as the final nucleotide (GUAAY). Furthermore, the second and last 

nucleobase are not interacting with each other. Instead, the second nucleobase interacts with 

the phosphate backbone and Watson-Crick face of the last nucleotide is oriented in the 

complete opposite direction. Because the first and second nucleotide stack with one another, 

this allows the pentaloop to extend one base plane higher, with respect to the GNRA-tetraloop 

(Figure 5.2a). 

 The last three nucleotides of the GNRA and GUAAY loop are positioned so that their 

nucleobases are ordered and oriented outward from the helix. This allows the nucleobases to 

insert into their respective receptors, but the orientation of insertion differs greatly. The 

inserting nucleotides of the GNRA tetraloop are approximately planar with respect to the 

receptor base planes (Figure 5.2b). In contrast, the GUAAY nucleotides insert into the minor 

groove of DV ~70° relative to the receptor nucleotides. While this orientation precludes the 

formation of canonical A-minor motifs, it allows the possibility of more nucleotides to stack 

above and below without clashing with the phosphate backbone. 

5.4 In vitro splicing assays 

 The initial discovery of µ-µ′ indicated a strict requirement for the loop to be a 

pentaloop12. Due to the lack of structural information at the time, only two tetraloop 

substitutions were conducted at the time: mutating the entire loop to UUCG (Δµ), and deletion 

of the last loop nucleotide to a GUAA sequence. With the information obtained from the crystal 

structure of the group IIB1 intron13, the later loop mutation actually results in a double mutation 

in regards to the sequence register of the loop structure. Altering the loop from five to four 

nucleotides results in a substitution of a uracil in a position that has an adenosine inserting 

into the receptor. In the same study, a point mutation at that position from an adenosine to 

uracil resulted in defects in splicing activity. Utilizing the structural data as a guide, we set out 

to fully characterize the sequence and spatial requirements that would promote the formation 

of µ-µ′ (Figure 5.3). While the in vitro splicing assay is an indirect measure for the formation of 
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µ-µ′, the only known function of this tertiary interaction is to stabilize the active conformation of 

the active site. We are therefore using splicing as an indication of whether the µ-µ′ interaction 

has formed or not. 
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Figure 5.3: Secondary structure of P.li.LSUI2 D3a mutants. Mutants were grouped into four 
categories: a) Loop point mutants, b) Loop mutants, c) helical length mutants, and d) helical 
length/tetraloop mutants. Red letters indicate changes to the wild type sequence. Red lines 
indicate where helical deletions took place. Values below the mutants correspond to Figure 
5.4 for in vitro splicing assays at 2.5mM (blue) and 10mM (orange) MgCl2. 
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 Magnesium is an essential cation for ribozymes, both as a structural element20–22 to 

stabilize the negative phosphate backbone as well as for catalytic function23,24. In the case of 

the group II intron, two catalytic metals are bound in the active site. One serves to activate the 

nucleophile for attack at the scissile phosphate, while the other stabilizes the transition state of 

the leaving group. In standard splicing conditions for P.li.LSUI225, 10 mM MgCl2 is used to 

stimulate splicing in vitro. However, at this concentration we observed no significant difference 

in splicing activity for any of the D3a mutants (Figure 5.4). This led us to believe that this 

magnesium concentration is capable of overcoming structural defects caused by mutagenesis, 

as seen in Figure 5.4 (orange bars). This is especially apparent in the Δµ mutant, which 

should be incapable of forming the loop-receptor interaction (Figure 4b). To address this, 

MgCl2 concentrations were lowered to 2.5mM. However, it is still useful to use the 10 mM 

MgCl2 conditions in order to validate the retention of activity in the mutants assayed in this 

study. 
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Figure 5.4: In vitro splicing assay of P.li.LSUI2 D3a mutants. a) Point mutants near the 
pentaloop to assess their individual contribution. The single point mutants retained activity 
comprable to WT. The exception is mutating the loop entirely to adenosines, resulting a 
drastic reduction in activity. b) Mutating the loop to any of the tetraloop sequences results in 
severe defects in splicing activity. c) Changing the helical length from the native seven base-
pairs perturbs activity. d) The defects caused by the GAAA-tetraloop cannot be rescued with 
different helical length mutations. 30 minute time points taken for all splice experiments.          
* <0.05 by two-tailed Student’s t-test. ** < 0.001 by two-tailed Student’s t-test. 

 

 The high level of conservation of the GUAAY pentaloop is remarkable for group IIB1 

introns, with the first four positions being completely conserved across all the sequences. 

Despite this, mutants with single base substitutions seemed to retain splicing activity 

comparable to wild type (Figure 5.4a). By comparison, mutating the loop entirely to 

adenosines leads to ~3-fold difference. This would suggest that there is some level of 

cooperativity between the loop nucleotides that contributes to the overall structure. 

 While the previous study deleted the terminal pyrimidine to test the effects of a GUAA-

tetraloop sequence, a GAAA sequence was also tested. The latter allows for a canonical 
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GNRA-tetraloop fold to still maintain an adenosine at the very tip of the loop to potentially 

interact with the DV minor groove. Both of these mutants result in ~3-fold reduction in splicing 

activity (Figure 5.4b), consistent with the findings of Fedorova et al.12 This still does not rule 

out the possibility that a tetraloop is incompatible at this position, because a tetraloop 

substation would effectively lower the loop by one base plane (vide supra). Different helical 

lengths were tested (-2 to +2) to favor docking of this tetraloop and affect splicing activity. 

Increasing the helix by 1 base pair had a modest reduction on the effect of splicing, however 

the other helical changes (-2, -1, +2) resulted in significant defects in splicing (Figure 5.4c). 

The addition of a GAAA-loop with varying helical lengths (-2 to +3) does not rescue splicing 

activity, rather it exacerbated the defect further to levels comparable to Δµ (Figure 5.4d).   

5.5 Discussion 

 The GUAAY-pentaloop sequence found in the µ-µ′ of group IIB1 introns represents a 

new, distinct RNA tertiary motif. Consistent with previous studies, this loop cannot be 

substituted for a tetraloop. In addition, the defect caused by a tetraloop substitution cannot be 

rescued by changing the length of the attached helix. The helix attached to the µ-loop 

emanates from a highly conserved four-way junction, with two other tertiary interactions in 

close proximity to this junction. It could be possible to adapt a GNRA-tetraloop at this position, 

but would likely require the remodeling of the aforementioned junction. It is probable, however, 

that a GNRA tetraloop is completely incompatible in this position. Due to the close proximity of 

κ-κ′, the receptor must be able to accommodate five adenosines in the minor groove. Rather 

than inserting planar with respect to the receptor nucleotides, the loop nucleotides insert at an 

unusual angle that allows the base stacking plane to be parallel to the direction of the minor 

groove. This orientation would allow five, and potentially more, nucleotides to base stack 

effectively into the minor groove without clashing with the phosphate backbone. Additionally, 

there may be other stable variants of the pentaloop, similar to the GUAAY, but unable to 

accommodate splicing activity in the specific context of the µ-µ′ interaction. 
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5.6 Methods 

 IIB1 intron sequences were obtained from the Intron Database26. Alignment was done 

using Bioedit27. Sequence logos were generated using the WebLogo28. AMIGOS II19 motif 

search was done on the following data set: PDBs accessed on September 2015, with a 

minimum of 30 RNA nucleotides, and a resolution greater then 3.5Å. 

 The constructs used for the in vitro self-splicing assays contained wild-type P.li.LSUI2 

sequence with DIV ORF removed and a 250-nt 5′ exon and 75-nt 3′ exon. This was cloned 

into the pUC57 plasmid. Overlapping PCR was used to generate the mutant constructs, then 

cloned back into pUC57 with EcoRV and T4 DNA ligase. Plasmid was linearized using HindIII 

and used for in vitro transcription with T7 RNA polymerase. Radiolabeled transcripts were 

prepared using 10 μCi [α-32P] UTP (3000 Ci/mmole), 0.5 mM UTP, 1 mM other NTPs, and 

2.5mM MgCl2. Transcripts were gel purified on a 4% polyacrylamide (19:1)/8 M urea gel, RNA 

was recovered by diffusion into 300 mM NaCl, 0.01% SDS, 1 mM EDTA. Self-splicing 

experiments were performed for 30 min at 45°C in a splicing buffer containing, 1M NH4Cl, 40 

mM Tris-HCl (pH 7.5), and 0.02% SDS, and either 2.5 mM or 10 mM MgCl2. Reactions were 

stopped by addition of 2.5V 95% EtOH. 0.5V 3M NaOAc pH 5.2 was added to precipitate the 

RNA at -80° C for 30 mins. Precipitations were spun at max speed at RT for 15 mins. Pellets 

were resuspended in 5ul of 0.5x TE, 50% formamide. Splicing products were resolved using a 

denaturing 4% polyacrylamide (19:1)/8 M urea gels. Gels were frozen at -20° C, and phosphor 

screens exposed for 16hrs. The Bio-Rad PMI was used to image and quantitate gels. All 

splicing assays were done in triplicate. 
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Chapter 6: Conclusion 

6.1 Summary 

 The work contained in this dissertation has uncovered significant structural elements 

that pertain to RNA splicing. The first study utilized a point mutant to inactivate a bacterial, 

linear-forming group II intron to determine the structural elements required for the first step of 

splicing. The crystal structure of this pre-catalytic group II intron found that the 5′ splice site 

adopts a sharp kinked phosphate backbone conformation. This presents a single phosphate 

into the active site and would thereby ensure the fidelity of the splicing reaction. The same 

phosphate backbone conformation at the 3′ is observed in the pre-2s structure of the 

phylogenetically unrelated group I intron and suggests that this is a universal conformation 

used for RNA splicing. In addition, this work supports the idea that only one active site is 

present in the group II intron and is readily capable of catalyzing both steps of splicing. 

 The second project focused on elucidating the structural requirements necessary to 

promote lariat formation. Therefore, the eukaryotic intron from Pylaiella littoralis was targeted 

due to its high in vitro activity and propensity to splice through the lariat forming pathway. The 

crystal structure of this intron revealed an extensive network of RNA tertiary structures that 

stimulated the lariat forming pathway and also explained its high level of splicing activity. 

Satisfyingly, this body of work was able to reconcile decades of biochemical data of group II 

intron splicing. In addition, novel tertiary structures were identified, which include ρ-ρ′, τ-τ′, and 

π-π′. Of particular interest is the π-π′ interaction, which links a loop of DII to the helix of DVI 

that is directly adjacent to the bulged adenosine. Due to the proximity of this interaction to the 

bulged adenosine, and therefore the lariat bond, we suggest that this interaction is dynamic 

and is critical for the removal of the lariat following the first step and bringing the 3′ splice site 

to the active site prior to the second step. 

 The third project centered on obtaining a splicing intermediate of the group II intron to 

determine what, if any, conformational changes are required to transition from one step of 
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splicing to another. To this end, we determined that a crystal solution additive, iridium 

hexamine, was shifting equilibrium towards the post-catalytic, fully splice state. Crystals grown 

in the absence of iridium hexamine were determined to have an intact 3′ splice site, indicative 

of the pre-2s state. Comparison of the pre-2s structure with the post-catalytic structure 

revealed nucleotide rearrangements within the catalytic triplex between the highly conserved 

junction nucleotides. Mutagenesis of these linker nucleotides resulted in severe defects in 

either the first or second step of splicing. Base on the structural and biochemical data, we 

propose that each catalytic triplex conformation corresponds to a distant stage of splicing. 

 The goal of the fourth project was to characterize a novel pentaloop identified in the 

lariat forming group IIB1 intron. The GUAAY pentaloop is involved in the µ-µ′ interaction that 

links the loop to the minor groove of DV. This loop is highly conserved in its phylogenetic class 

and is distinctive of the more common GNRA tetraloop. Various mutations on the loop and 

proximal regions to determine if it was possible to substitute the GUAAY pentaloop for a 

GNRA tetraloop. Based on the in vitro splicing assays, a GNRA tetraloop is incompatible in 

this position and no additional mutations were able to rescue this defect. We therefore 

conclude that the GUAAY pentaloop is a distinct RNA structural element with respect to the 

GNRA tetraloop and represents a new class of RNA structural motif. 

 The recent cryo-EM structure of the spliceosome revealed the heart of the 

multimegadalton complex to be made up entirely of RNA. Furthermore, the authors concluded 

that the active site architecture is identical to that of the group II intron, further supporting the 

evolutionary link between the two systems (Figure 6.1). Additionally, several of the predictions 

pertaining to eukaryotic splicing based on the lariat structure have been corroborated by the 

aforementioned cryo-EM structure. This further supports the evolutionary link between the 

group II intron and the spliceosome, with the former serving as a proto-spliceosome that gave 

rise to the later. Therefore, the conclusions made in this dissertation pertaining to RNA 

splicing in the group II intron are readily applicable to the spliceosome. 
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Figure 6.1: Comparison of the active site architecture of the group II intron (left) and the 
spliceosome (right). Despite many differences, the RNA components that make up the core 
of these enzymes remain markedly similar. A significant difference between the two is the 
position of the catalytic metals. In the group II intron, the distance between M1 and M2 is 
~4.5Å, whereas the spliceosome it is ~7Å. This may be due to ambiguous nature of assigning 
metals in electron microscopy and the exact identify of M1 is not experimentally possible. 
Colors are consistent with the colors used for the group II intron domains. Orange spheres 
correspond to magnesium ions, the purple sphere is a monovalent ion determined through 
anomalous metal soaks. 




