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ABSTRACT 

RNA-RNA interactions involved in recognition associated with ribozyme catalysis are 

essential for ribozyme function.  Research described in this dissertation focuses on RNA-RNA 

interactions at, and in the vicinity of two splice sites of two splicing systems: the U2-dependent 

spliceosome and a yeast mitochondrial group II intron ai5 .  In the U2-dependent spliceosomes, an 

RNA complex is formed by the U2 and U6 snRNAs, creating a network of indispensable helices, 

which are believed to be the active components of the spliceosome.  Helix III has been shown to be 

essential in mammals.  The goal of our study was to analyze structural evidence for formation of U2-

U6 Helix III in an in vitro protein-free system, including the possibility of interaction with the intron 

strand.  The questions addressed were: a) which pairing of the three available strands dominates; b) 

alternatively, if the three strands form a complex, is there an RNA triple helix in solution?  NMR 

studies of the three strand complex representing the U2-intron-U6 pairing showed formation of the 

U2-intron duplex and the U2-U6 duplex, but no interaction of the U6 snRNA with the U2-intron 

duplex in the region of the putative Helix III.  NMR studies of the extended Helix III samples 

corroborate this finding and confirm that the U6 snRNA immediately upstream of the ACAGAGA 

sequence does not interact with the U2-intron duplex in the region of the proposed Helix III. 

Group II introns, large ribozymes and mobile genetic elements found in prokaryotes and 

eukaryotic organelles, share common structural and catalytic features with the spliceosome in 

eukaryotes.  At the functional core of group II introns is the pairing of the EBS1-IBS1 sequences 

(exon binding sequence one and intron binding sequence one, respectively), which is essential for 

preserving fidelity of the splice site.  The EBS1 guide sequence is a part of an 11-nucleotide loop at 

the terminus of the ID3 stem loop, which is a subdomain of Domain one (D1), the largest of the 

group II intron domains.  The goal of the latter part of this dissertation was to investigate the 

structural features of the ID3 stem loop and the ID3-IBS1 complex.  We investigated the effects of 

the ID3 stem loop structure on the EBS1-IBS1 pairing.  A question addressed was whether the large 

11-nucleotide loop forms a stable structure.  We tested whether the EBS1-IBS1pairing forms in 

solution and what structural changes the ID3 loop undergoes upon formation of the EBS1-IBS1 

pairing.  We wanted to determine the effects of ID3 structure on the availability of bases of EBS1 

for base pairing and thus for the 5′ splice site selection.  Solution NMR structure of the ID3 stem 
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loop shows a structured stem and a fairly structured base of the loop, as well as an unstructured or 

dynamic loop, involving residues of the EBS1 sequence.  NMR spectroscopic study of the ID3-IBS1 

complex in solution indicates that the unstructured region of the ID3 loop becomes structured upon 

interaction with the IBS1 sequence, in an apparent induced-fit mechanism, by which both the guide 

sequence and the target become structured upon interaction.  An important observation here is that 

the double stranded EBS1-IBS1 region ends at the 5′ splice site, placing it at the single/double 

stranded junction, which may play an important role in recognition and/or accessibility of the 5′ 

splice site.  The placement of the EBS1 sequence in the specific structural context of the ID3 loop 

may be an important feature, which aids the recognition of the 5′ splice site.  We show here that by 

virtue of being placed within the loop of a certain size, the two potential base pairs downstream of 

the 5′ splice site, which could form in a free duplex, do not form in the context of the loop.  These 

findings are important because we show that positioning of a guide sequence within a loop 

determines the availability of bases for pairing and controls the extent of base pairing and thus the 

position of the 5′ splice site. 
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CHAPTER ONE 

1 INTRODUCTION INTO THE WORLD OF RNA 

1.1 Introduction 

Ribonucleic acids (RNA) participate in a range of biological functions by utilizing chemical 

and structural properties unique among biomolecules.  The chemical characteristics of the building 

blocks that make up RNA impart catalytic and structural properties not present in deoxyribonucleic 

acids (DNA).  RNA serves various functions in the cell.  RNA is the genetic material in certain 

pathogens. RNA molecules involved in translation carry, decode and translate the genetic message 

encoded within genes.  As factors involved in regulation of gene expression, RNA molecules 

function as control elements.  A relatively recent discovery of the catalytic properties of RNA 

expanded our knowledge of the repertoire of functions performed by RNA and changed our 

understanding of catalysis performed by biomolecules.  A class of large ribozymes, group II introns 

perform scission-and-ligation reactions that comprise splicing, which is a processing step in 

maturation of messenger (m)RNA and a step in the life-cycle of the group II intron mobile genetic 

elements.   

RNA is capable of performing a wide array of functions because of its ability to create various 

chemical environments and interact with ligands depending upon individual function.  Specific 

chemical environments are created by complex structures formed by RNA secondary and tertiary 

interactions. How RNA molecules recognize specific targets and interact to fold into functional 

motifs is an important fundamental question.  The RNA-RNA recognition associated with the 

assembly of a large ribonucleoprotein complex, the spliceosome and a self-splicing group II intron 

will be described herein.     

1.2 The Building Blocks of Nucleic Acid Structure 

Nucleic acids are composed of nitrogenous bases and pentose monosaccharides, which are 

connected by phosphates. The bases in nucleic acids are responsible for storing hereditary 

information.  Each nitrogenous base is a planar, heterocyclic ring.  The four nucleobases in RNA are 

adenine (A), guanine (G), cytosine (C) and uracil (U), and can be classified as purines (A and G) or 
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pyrimidines (C and U) based on whether they have a two-ringed or one-ringed structure, 

respectively.  Uracil (U) is substituted by thymine (T) in deoxyribonucleic acid (DNA), which is 

methylated at the five position of the ring. Ribose, ( -D-ribofuranose) is the pentose that comprises 

the backbone of an RNA molecule. Figure 1.1 shows the units of nucleic acid structure. D-

deoxyribose sugar of DNA is a derivatized version of ribose, which contains a hydrogen instead of 

2′OH at the C2′ atom.  The five member rings of pentoses form a pucker, which can be described as 

having two carbon atoms that are removed from the plane of the ring.  In solution, ribose and 

deoxyribose undergo rapid exchange between C3′ endo and C2′ endo conformations (Figure 1.2); 

C3′ atom approximately points τupυ or C2′ atom points τupυ, respectively (Altona 1986).  

Nucleobases are attached (at N1 position in pyrimidines and N9 position of purines) by the -

glycosidic linkage (same side of the ring as the C5′ atom) to C1′ of riboses or deoxyriboses and 

termed nucleosides: adenosine (A), guanosine (G), cytidine (C) and uridine (U).  Depending on 

whether a nucleoside is linked to one, two or three phosphates the terms are nucleotide (N-) or 

deoxynucleotide in DNA (dN-)  –monophosphate (MP), -diphosphate (DP) or –triphosphate (TP).  

A phosphodiester bond between a 3′ carbon of a ribose and a 5′ carbon of the following ribose 

forms the RNA τbackboneυ, composed of phosphates and riboses.  Nucleic acids are frequently 

modified posttranscriptionally.  Pseudoruidine ( ) is an enzymatically modified base U, which 

contains an additional ring nitrogen (NH1).  It was the first modification discovered in RNA and is 

the most abundant one.  Figure 1.3 shows uracil and pseudouracil bases.   

A variety of non-Watson-Crick base pairing interactions are possible, depending on the 

available hydrogen bond donors and acceptors. The most common non-cannonical base pair, G•U 

wobble pair (Figure 1.5) is conserved among a large number of RNAs and is involved in essential 

functions, reviewed in (Varani and McClain 2000).  Thermodynamically just as stable as Watson 

Crick base pairs (Jaeger et al. 1989; Mathews et al. 1999; Strazewski et al. 1999), G•U base pairs 

involve two hydrogen bonds and appear often in secondary structure of RNA (see Figure 1.5).   

Base pairing of the two strands of nucleic acids creates major and minor grooves along the 

nucleic acid helix.  The minor groove edge of the base pair is the smaller edge between the glycosidic 

linkages, whereas the major side is the wider area on the opposite face of the base-pair.  For a 

schematic of a Watson-Crick base pair, with functional groups available in each groove see (Figure 

1.4).  The major and minor grooves of RNA and DNA helices are also shown in (Figure 1.7). The 

B-form of DNA features a broad and deep major groove, whereas the minor groove is narrow and 

shallow.  The major groove of RNA is deep (13.5Å) and narrow (2.7Å), while the minor groove is 
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wide (11Å) and shallow (2.8Å) (Bloomfield et al. 2000 -b).  RNA can participate in a number of 

interactions through the functional groups available in the minor groove, especially the 2′OH.     

DNA is synthesized via replication, which creates new complementary polymers that pair 

through non-covalent interactions of bases.  The canonical Watson-Crick base pairing are stabilized 

by hydrogen bonds between hydrogen bond donors and acceptors of A-U/T and G-C base pairs 

(Figure 1.4).  The geometry of a Watson-Crick base pair is such that any sequence of base pairs can 

form an anti-parallel nucleic acid helix.  The distance between C1′  atoms on opposite strands of the 

helix is constant for all Watson-Crick base-pairs (Donohue and Trueblood 1960).  Base-stacking of 

the planar aromatic rings is the most important stabilizing force in RNA, contributing slightly more 

to stabilization than Watson-Crick base-pairing (Petersheim and Turner 1983).  Multiple conjugated 

rings contribute to stabilization effects of stacking interactions. Stacks of purines, specifically 

guanine have a large stabilizing effect.  The relative displacement of bases in helices is mostly 

governed by the energy of base-stacking (Haran et al. 1984). 

The B-form DNA helix (Figure 1.7) is stabilized by base stacking interactions and hydrogen 

bonding between Watson-Crick purine-pyrimidine base-pairs (Watson and Crick 1953).  Other 

stabilizing effects come from dipolar and hydrophobic contributions, and London dispersion forces 

(Saenger 1983).  RNA forms an antiparallel, right-handed helix of A-form.  A-form RNA helix is 

stabilized by the same interactions as that of the B-form DNA helix, but of different geometry.  The 

2′-hydroxyl of the ribose has several effects on the architecture of the RNA helix.  Riboses in A-

form helices favor C3′-endo conformation, while deoxyriboses of a B-form helix adopt the C2′-endo 

conformation.  Figure 1.2 depicts riboses in C3′ and C2′ endo conformation.  Since the C3′ atom is a 

part of the RNA backbone, the presence of 2′OH thus affects the geometry of the A-form RNA.  

The bulky 2′OH of RNA ribose also prevents formation of the elongated, highly wound form of the 

B-form helix of DNA.  A-form RNA is wider and has a cavity running through the middle along the 

long helical axis.  The RNA helix has 11 bases per turn as compared to 10 bases per turn of DNA.    

RNA secondary structure consists of structural motifs created by formation of base-pairing 

interactions.  Commonly found secondary structure elements of RNA are depicted in Figure 1.8.  

These motifs include: duplexes, single stranded regions, hairpins, bulges, internal loops and 

junctions, reviewed in (Chastain and Tinoco 1991).  Predictions of the secondary structure can be 

made from the sequence of RNA by comparing homologous stretches of secondary structure 

(Woese and Pace 1993). RNA secondary structure predictions have also been made by free energy 

(ΔG°) analysis of base-pairing schemes that most often maximize the number of Watson-Crick base 
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pairs (Freier et al. 1986).  Predictions of secondary structure for relatively short RNA molecules are 

effective.  Stabilizing effects of base-pairs are dictated primarily by their identity and of the base-

pairs flanking it, termed the nearest-neighbor effect; determined from thermodynamic data obtained 

from melting studies of short synthetic RNA oligomers  (Tinoco et al. 1973). 

Each RNA nucleotide has seven single bonds about which atoms can rotate freely.  The 

angles of rotation are described by torsion angles.  Figure 1.9 depicts the torsion angles of an RNA 

nucleotide.  The backbone conformation is described by torsion angles , , , , and , which also 

define the orientation of the RNA strand.  Angle  named the glycosidic angle describes the degree 

of rotation of the plane of the nucleobase about the glycosidic linkage.  Angle , and 0, 1, 2′, 3′ and 

4 define the dihedral angles or the ribose conformation.  The large number and the sheer immensity 

of the conformational space available to RNA complicate the prediction of RNA structure, which is 

termed the RNA folding problem (Draper 1992). Prediction of secondary structure and especially 

tertiary structure from primary sequence is difficult and often unreliable.   

  Formation of stable RNA structure involves stabilizing energetic contributions of base-

stacking, hydrogen-bond interactions and divalent metal cations.  An energetic barrier to folding of 

RNA is a high negative charge density, which originates from each negatively charged phosphate of 

the RNA backbone.  Mono- and divalent metal ions act as counterions to neutralize the negative 

charge of the polyelectrolyte backbone of RNA.  Metal ions can loosely associate in the regions of 

high potential around the RNA molecule and as such are considered diffusely bound.  If one or 

more water molecules are removed from the inner-solvent coordination sphere of the metal ion, 

site-specific binding (chelation) results.  Diffusely bound magnesium ions and in rare cases chelated 

Mg2′+ ions are important for stabilizing complex tertiary structures (Misra and Draper 2001). 

1.3 Biological Roles of RNA 

Functions of RNA can be loosely categorized into two groups: genomic RNA, a carrier of 

genetic information and a wide range of functional RNAs, which have the ability to fold into three-

dimensional structure, bind targets with varying specificity and perform particular functions.  Most 

contemporary biological systems use DNA for storing their hereditary material.  However, certain 

infectious agents, such as RNA viruses and retroviruses utilize RNA as means of storing hereditary 

information.  Viroids, virusoids and satellite RNAs are plant pathogens that encode their genetic 

information within RNA.   
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Messenger (m)RNA carries the transcribed genetic message from the cell nucleus into the 

cytoplasm for translation.  Precursor (pre)-mRNA is transcribed by the RNA polymerase II in the 

cell nucleus. The nascent transcript undergoes several processing steps before export into the 

cytoplasm. Splicing of precursor (pre)-mRNA transcripts involves small nuclear (sn)RNAs, 

functional RNAs that are believed to be the molecules that perform catalysis (discussed in more 

detail in Section 1.6).   

Functional RNAs are transcribed in the cell nucleus from DNA by RNA polymerases as single 

strands and subsequently fold into their active conformation.  Functional RNAs play key roles in 

translation.  Transfer (t)RNA is the τkeyυ that decodes the three-letter genetic code by base-pairing 

of its anticodon to the codon of the mRNA message.  Ribosomal (r)RNAs catalyzes peptydyl 

transferase reaction that crates peptide bonds in the large subunit of the ribosome.  The majority of 

vertebrate small nucleolar (sno)RNAs, which guide chemical modification of rRNA are encoded 

within intervening sequences of genes that specify proteins involved in ribosome synthesis and 

function (Leader et al. 1997; Leader et al. 1994). 

As control elements, a variety of small regulatory RNAs have been implicated in control of 

gene expression.  Among them are endogenous small interfering (si)RNAs, which are associated 

with anti-viral defense, transposon silencing, chromatin remodeling and post-transcriptional gene 

regulation in eukaryotes, reviewed in  (Carthew and Sontheimer 2009; Ghildiyal and Zamore 2009).  

MicroRNAs are involved in the process of RNA interference in eukaryotes, by pairing with mRNA 

and recruiting a cleavage enzyme (Lee et al. 1993; Wightman et al. 1993).  Piwi-interacting (pi)RNAs 

act as a defense against transposons during gametogenesis in animals (Girard et al. 2006).  

Prokaryotic and archaeal CRISPR RNAs functions as a form of an acquired immune system.  Both, 

piRNAs and CRISPR RNAs act through a process similar to RNA interference (Horvath and 

Barrangou 2010).  Certain coding RNAs of bacteria, plants and fungi contain control elements 

within their sequence (Sudarsan et al. 2003).  Cis-regulatory RNAs, include the 5′ and 3′-untranslated 

regions whose sequences (the riboswitches) control their mRNA expression by sensing 

concentrations of small-molecule metabolites (Nahvi et al. 2002; Teixeira et al. 2004; Winkler et al. 

2002a; Winkler et al. 2002b), inducing conformational change or self-cleavage that prevents 

transcription, processing or translation (Andre et al. 2008; Bocobza et al. 2007; Cheah et al. 2007; 

Wachter et al. 2007). 

There are RNAs whose function is yet to be determined. Retrotransposons, a type of mobile 

genetic elements account for almost half of the human genome (Lander et al. 2001).  Most 
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retrotransposons found in human genomes are evolutionarily very old and due to accumulated 

mutations can no longer transpose (Bennett et al. 2004). Some retrotransposons, however can move 

to new positions within the genome, and via their replication cycle through an RNA intermediate, 

can multiply the number of their RNA copies, thus increasing the size of the genome. A large 

number of long structured non-coding RNAs have been discovered in bacterial and archaeal 

genomes whose function has not yet been determined (Weinberg et al. 2009; Weinberg et al. 2010).  

1.4 RNA as a Catalyst 

1.4.1 The  Catalytic Resources of RNA  

Because RNA functions as a carrier of genetic information as well as a catalyst it has been 

hypothesized that in a time before more specialized biomolecules such as proteins and DNA 

appeared, life was sustained by RNA (Crick 1968; Woese 1967).  This hypothesis resolves the 

original τchicken and eggυ problem.  In-vitro selection techniques have shown RNA to be capable 

of a number of catalytic functions (Ekland et al. 1995; Johnston et al. 2001; Joyce 2002; Pan 1997; 

Suga et al. 1998; Unrau and Bartel 1998), which may have supported a primitive metabolism, 

offering proof of feasibility, reviewed in (Lilley 2011).  Possible remnants of the RNA world today 

can be seen in the modern cell in RNaseP and the ribosome, two systems in which the catalysis is 

performed by RNA. 

Karl Woese and Francis Crick first suggested that RNA could perform catalysis, based on 

RNAs ability to form tertiary structures (Crick 1968; Woese 1967).  Compared to protein-based 

enzymes, relative lack of functional groups in RNA limits the repertoire of resources available for 

catalysis.   RNAχs catalytic ability is based on three resources: substrate positioning, metal ions and 

protonated bases, reviewed in (Lilley 2003; Lilley 2005).   

Ribozymes utilize their structure to enhance their catalytic rates by constraining their 

substrates and by inducing proper alignment and proximity of active groups.  Breaker and colleagues 

estimated rate contributions from specific rate enhancement strategies and suggest that many small 

ribozymes are restricted to alignment and 2′OH deprotonation  (Emilsson et al. 2003).  Helical 

junctions and pseudoknots are essential for folding and catalytic activity of small ribozymes.  Some 

of the elements not required for catalysis that measurably improve folding of ribozymes include 

interacting loops and four-way junctions (Lilley 2005). 

Divalent metal ions are known to participate directly in catalysis, and as such are the second 

resource ribozymes utilize for rate enhancement.  Metal ions can participate in catalysis in several 
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ways.  The metal ion-coordinated water molecules  can act in general acid-base catalysis (Jack et al. 

1977).  Divalent metal ions can act as Lewis acids, electrostatically stabilizing the leaving group, as 

well as the transition state, and helping deprotonate the attacking nucleophile, as has been observed 

in the crystallographic structure of the hepatitis delta virus (HDV) (Chen et al. 2010).  Two-metal-

ion strategy involving a metal ion that binds the nucleophile while the other coordinates the leaving 

group was suggested as a model of group I and group II intron catalysis by functional studies 

(Gordon et al. 2000b; Shan et al. 2001; Sontheimer et al. 1999; Steitz and Steitz 1993).   

Protonated nucleobases support catalysis, as general acids and bases or by electrostatic effects 

(Legault and Pardi 1997).  The 2′OH of RNA can form hydrogen bonds, is involved in stabilization 

and has the potential to act as a nucleophile for catalysis.  The ribose 2′OH of RNA is essential for 

transesterification catalysis in all cases, except in the case of water-mediated hydrolysis, where the 

2′OH of water is the nucleophile in the first step. The 2′OH of A76 of a t-RNA residue at the P-site 

of the ribosome is essential for the rate enhancement observed in peptide-bond formation (Weinger 

et al. 2004).    

1.4.2 Ribozymes  

In 1989 Thomas Cech and Sidney Altman shared the Nobel Prize in Chemistry for the 

discovery of group I introns and RNaseP.  Since the discovery of the first RNA enzymes, numerous 

small nucleolytic ribozymes that catalyze phosphodiester bond hydrolysis have been described.  The 

hammerhead, hepatitis delta virus (HDV), the hairpin  and Varkud Satellite (VS) ribozymes catalyze 

site specific phosphodiester self-cleavage by a nucleophilic attack of a 2′-hydroxyl on a neighboring 

phosphorous which results in 2′,3′-cyclic phosphates and 5′-hydroxyl termini in viral or virusoid 

RNAs they reside within.   

Ribonuclease P (RNaseP) is a ribonucleoprotein complex.  The RNA component of RNaseP 

cleaves the tRNA backbone as a part of precursor (pre)-tRNA maturation.  Discovery of RNaseP 

was one of two first examples of RNA-based catalysis, and was described by Sidney Altman and 

coworkers.  RNaseP was also the first ribozyme shown capable of multiple turnover catalysis, a 

contention regarding the single-reaction nature of ribozymes (Guerrier-Takada et al. 1983).   

Ribosome catalyzes peptide bond formation by an all rRNA peptidyl transferase center within 

the large ribosomal subunit.  Catalysis involves two tRNA molecules in the catalytic center 

composed of rRNA.  The amine of the A-site amino-acyl tRNA attacks the carbonyl carbon of the 

peptidyl tRNA at the P-site elongating the growing amino acid polymer.  Only rRNA residues were 

observed within five angstroms from the peptidyl transferase center in the crystal structure, strongly 
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suggesting that rRNA is the catalyst of peptide bond formation (Ban et al. 2000; Nissen et al. 2000).   

Today, the only two naturally occurring ribozymes with multiple turnover capabilities are the RNase 

P and the ribosome. 

1.4.3 Splicing of pre-mRNA Transcripts  

A gene contains regions that are translated (coding regions, exons) and lengthy regions of 

DNA that are not included in the final mRNA transcript (introns).  As a part of gene expression, 

DNA is transcribed into a complementary copy by RNA polymerase II, creating pre-mRNA.  As the 

result, pre-mRNA contains intervening sequences (introns) that interrupt sequences that are 

translated (exons).  The pre-mRNA is processed before the export into the cytoplasm.  The 5′ end 

of the message is modified by the addition of a 7-methylguanosine-cap and the 3′-end by formation 

of a polyadenine tail.  During splicing introns are removed and exons are ligated to form a 

contiguous translatable sequence.   

  Discovery of non-coding regions (introns) within genes opened the door to the study of 

RNA splicing, a process critical in gene expression.  Phillip Sharp and Richard Roberts 

independently described the first instance of non-translated, intragenic regions in mRNA of 

adenovirus, a vertebrate pathogen (Berget et al. 1977; Chow et al. 1977).  

The function of introns is not known, but there are theories that argue that the emergence of 

spliceosomal (nuclear) introns coincides with appearance of the mitochondrion, creation of the 

nuclear envelope and eukaryotes themselves (Martin and Koonin 2006).  The numbers of introns in 

nuclear genes of different organisms vary dramatically.  Humans have close to eight nuclear introns 

per gene (Collins et al. 2004), whereas Saccharomyces cerevisiae have lost most of them (Rogozin et al. 

2003; Roy and Gilbert 2005) and fewer than 5% of yeast protein-coding genes have introns (Bon et 

al. 2003; Hirschman et al. 2006).  Although the significance of introns is not known, it appears that 

they have either survived against selective pressure  or acquired functions which provided positive 

pressure for their expansion, suggesting a definite role in the cell (Mattick 1994).  Certain RNAs 

involved in control of genetic expression are contained within spliced introns.  There is a positive 

correlation between organism complexity and the number of non-coding (nc)RNAs in such 

organisms (snoRNA, miRNA, siRNA, piRNA and long ncRNAs) (Amaral and Mattick 2008).  

Localization of a large number of ncRNAs within human introns is consistent with a role for introns 

as elements for fine-tuning of genetic expression (Rearick et al. 2011). 

There are two types of large, self-splicing introns found in lower organisms: group I and 

group II introns.  Group I self-splicing introns are found in rRNA, tRNA and mRNA in bacterial 
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genomes.  Group I introns invade rRNA genes in nuclear genomes of lower eukaryotes, whereas 

they are restricted to a few tRNA and mRNA genomes of chloroplasts and mitochondria of higher 

plants, (Haugen et al. 2005).  The group I intron splicing of rRNA in a protozoan Tetrahymena 

thermophyla, discovered in Tom Cechχs group, was the first evidence of RNA-based catalysis (Cech et 

al. 1981; Grabowski et al. 1981; Zaug and Cech 1982).  The group I intron has a large multidomain 

structure, which is composed of helical regions that interact through a number of tertiary contact to 

fold into active conformation.  A number of proteins interact with group I intron in vivo, but are not 

required for activity in vitro.  The self-removal of the group I intron involves a nucleophilic attack by 

a 3′OH of an exogenous guanosine on the 5′ splice site phosphate, followed by the attack of the free 

3′ hydroxyl of the 5′ exon on the 3′ splice site, resulting in the 5′-G-intron product and contiguous 

exons.  Phosphorothioate substitution experiments indicate that catalysis proceeds via two SN2-type 

reactions (McSwiggen and Cech 1989; Rajagopal et al. 1989).  Active site model based on functional 

(McSwiggen and Cech 1989; Piccirilli et al. 1993; Rajagopal et al. 1989) and structural studies (Adams 

et al. 2004; Golden et al. 2005; Guo et al. 2004) suggests two or three metal ions that coordinate the 

pro-Sp oxygen of the transition state and the leaving group.  

1.5 Group II introns: Self Splicing Ribozymes and Mobile Genetic Elements 

Group II introns are large (400-800 nucleotide) self-splicing ribozymes and mobile genetic 

elements found in all three domains of life.  Group II introns fold into six autonomous domains 

D1-D6 (Figure 1.11), which are brought together by the central τwheelυ.  Group II introns can be 

classified into three subgroups, based on their secondary structure: IIA, IIB, IIC, with further 

subdivisions, reviewed in (Lambowitz and Zimmerly 2010).  Figure 1.19 shows lineage-specific 

structural elements of group II introns.  D5 is the most conserved of the domains, binds magnesium 

ions by sequences essential for catalysis and has a critical role in organization of the catalytic center 

of the group II intron (Sigel et al. 2000; Sigel et al. 2004; Zhang and Doudna 2002).  Domain 1 (D1) 

is the largest of the group II intron domains.  D1 acts as a scaffold (Qin and Pyle 1997; Qin and Pyle 

1999), which brings together distal elements of the ribozyme into proximity for catalysis (Costa et al. 

2000; Jacquier and Jacquesson-Breuleux 1991; Jacquier and Michel 1990), contains guide sequences 

for recognition and binding of the 5′- and 3′-splice sites (Jacquier and Jacquesson-Breuleux 1991; 

Jacquier and Michel 1987).  D6 contains the branch point adenosine, which is activated by the 

surrounding D6 sequences (Chu et al. 2001; Chu et al. 1998) and specifically recognized by the active 

site (Liu et al. 1997).  D2 and D3 are smaller domains, which contain conserved sequences and 
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contribute structurally.  D3 interacts with D1 and D5 and has a role in catalysis (Fedorova et al. 

2003; Jestin et al. 1997).  D4 often contains and open reading frame (ORF), which encodes a 

maturase protein, which stabilizes the active structure and acts as a reverse transcriptase (RT) in 

mobile group II introns, reviewed in (Michel et al. 1989).   

The 5′ and 3′ splice site consensus sequences, GNGYG and AY, respectively are two of the 

few conserved sequences among group II introns, where N can be any nucleotide, and Y is a 

pyrimidine (Pyle and Lambowitz 2006).  A number of secondary and long-range tertiary interactions 

are required for folding into the active conformation (Figure 1.19).  The following are Watson-Crick 

type interactions essential for folding and activity: EBS1/IBS1, EBS2/IBS2, EBS3/IBS3, - ′, - ′, 

- ′, - ′ and - ′ (Costa et al. 2000; Jacquier and Jacquesson-Breuleux 1991; Jacquier and Michel 

1990); while the remaining critical interactions are mediated by tetraloop receptor type interactions: 

- ′, - ′ and - ′; and other non-Watson-Crick type interactions - ′, - ′ and - ′ (Boudvillain et al. 

2000; Costa et al. 2000; Fedorova and Pyle 2005; Qin and Pyle 1998).  Tertiary contacts are essential 

for interactions of autonomous domains of group II introns, becoming evident in systems that can 

be transcribed separately, and which are active even when elements are added in trans (Goldschmidt-

Clermont et al. 1991; Jarrell et al. 1988; Suchy and Schmelzer 1991). The modular nature of the 

domains  was essential in development of multiple-turnover ribozymes, and has been demonstrated 

in fragmentation assays of the self-splicing group II introns (Qin and Pyle 1998).  Naturally 

occurring, fragmented group II introns and trans-acting segments have also been discovered (Bonen 

1993; Bonen 2008; Qiu and Palmer 2004).  The detected modularity gave rise to the idea that the 

snRNAs of the spliceosome originated from fragmented domains of an ancestral intron (Cavalier-

Smith 1991; Cech 1986; Jacquier 1990; Sharp 1985). 

The self-splicing reaction catalyzed by group II introns involves an SN2-type nucleophilic 

attack of the 2′-OH of an unpaired adenosine, the branch site A located within D6 on the 5′ splice 

site, followed by the 3′OH attack on the 3′ splice site.  The splicing products are ligated exons and an 

intron lariat, circular or linear intron (Peebles et al. 1986; Schmelzer and Schweyen 1986; van der 

Veen et al. 1986).  Group II introns require proteins for splicing in vivo, but can catalyze splicing in 

vitro with the aid of metal cations (Daniels et al. 1996; Hiller et al. 2000; Jarrell et al. 1988).   

  Mechanisms of transition state stabilization by the group II introns have been explored by 

functional group mutagenesis.  Both steps of splicing by group II introns are sensitive to Rp-

phosphorothioate substitutions at 5′ and 3′ splice sites and both steps proceed with inversion of 

configuration at phosphorus (Padgett et al. 1994b; Podar et al. 1995).  To a lesser degree, the first 
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step is sensitive to Sp-phosphorothioate substitutions, whereas the second step is not sensitive to 

pro-Sp substitutions (Moore and Sharp 1993; Padgett et al. 1994a; Podar et al. 1995; Podar et al. 

1998b).  These findings suggest that group II introns either, utilize two distinct active sites, or a 

single active site, which is rearranged between the two steps of splicing (Figure 1.13).  All active 

residues are in proximity upon folding into active conformation, suggesting that the two actives sites 

partially overlap (de Lencastre et al. 2005).  Moreover, a thiophilic metal ion does not relieve the 

block in splicing of Rp phosphorothioate-substituted ribozyme, suggesting that metal ion is not 

coordinated to the pro-Rp oxygen (Podar 1997), unlike in group I introns.  A divalent metal ion 

coordinates to the 3′ oxyanion leaving groups in both steps of splicing (Deme et al. 1999; Gordon et 

al. 2000b; Sontheimer et al. 1999).  The same divalent metal ion has been implicated in interaction 

with both the 2′ oxygen of the 3′-nucleotide and the 3′ leaving group, based on similar concentration 

dependence of Mn2+ rescue of splicing of 2′-aminocytidine as of the 3′-sulfur leaving group  

(Gordon et al. 2000a).    

Recent metal ion rescue experiments have shown that a divalent metal ion interacts with the 

nucleophile in the second step of splicing (Gordon et al. 2007).  The active site of the group II 

intron therefore contains at least two site bound magnesium ions (Chanfreau and Jacquier 1994; 

Gordon et al. 2007; Gordon and Piccirilli 2001; Sigel et al. 2000; Toor et al. 2008b), consistent with 

the two metal-ion mechanism (Steitz 1993). Group II intron catalysis exhibits important mechanistic 

and functional similarities with catalysis by the spliceosome, which combined with identical 

phosphorothioate specificity suggests important parallels between the two systems (Sontheimer et al. 

1999; Sontheimer et al. 1997).   

One of the major differences between group II introns and other ribozymes, including the 

group I intron ribozymes (Herschlag et al. 1993; Kleineidam et al. 1993; Weinger et al. 2004; 

Yoshida et al. 2000) is that the 2′OH is not the predominant source for stabilization of the transition 

state (Griffin et al. 1995).  Foregoing using the stabilizing effects of the 2′ OH is believed to have 

shaped the group II intronχs ability to react with DNA (Pyle and Lambowitz 2006). 

Group II introns are capable of catalyzing several reactions that differ from the canonical 

branching reaction.  An important variation of the splicing pathway in vitro and in vivo in some group 

II introns involves the τhydrolytic pathwayυ, in which a water molecule provides the nucleophile for 

the first step of splicing (Jarrell et al. 1988; Podar et al. 1998a; van der Veen et al. 1987b).  A reaction 

that underlies mobility of group II introns is reverse splicing, through which group II introns insert 

themselves into DNA sites through a process called retrohoming. Retrohoming involves sense 
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DNA cleavage by the intron-encoded endonuclease, intron insertion into the DNA sequence, 

reverse transcription and double strand break repair (Cousineau et al. 1998; Eskes et al. 2000; Eskes 

et al. 1997; Zimmerly et al. 1995).   

Group II introns are found in bacteria and mitochondrial and chloroplast genomes of fungi, 

plants and protists, reviewed in (Lambowitz and Zimmerly 2004) and an annelid worm (Valles et al. 

2008).  Organellar introns are located within precursor transcripts of conserved genes encoding 

ribosomal RNAs, transfer RNAs and proteins, such as cytochrome oxidase or rubisco subunits, 

where they are often found in many copies.  Most organellar group II introns do not contain ORFs 

or contain a degenerate reverse transcriptase and are immobile.  In eubacteria, group II introns are 

found in small numbers in 25% of sequenced genomes and are located in mobile DNAs such as 

plasmids, insertion sequence (IS) elements or pathogenicity islands (Dai and Zimmerly 2002).  They 

are active retroelements with functional reverse transcriptase and ribozyme capabilities. Group II 

introns in archaea are rare, thought to be acquired through recent horizontal transfer, are often 

located within other introns and are mobile, although they do not encode RT ORFs (Dai and 

Zimmerly 2003). 

  Group II introns are phylogenetically related to non-LTR elements and are thus thought to 

be evolutionary ancestors of non-LTR retrotransposons (Zimmerly et al. 2001). Because of their 

high frequency and specificity of integration it is possible to insert mobile group II introns into 

targeted sites, which has lead to their use for site specific introduction or repair of genes, reviewed in 

(Lambowitz and Zimmerly 2010). 

Splicing in group II introns in vitro was first demonstrated in two small introns from a yeast 

mitochondrion, ai5  and bi1 (Peebles et al. 1986; Schmelzer and Schweyen 1986; van der Veen et al. 

1987a).  They are the last intron located within the gene encoding the subunit I of cytochrome C 

oxidase and the first intron within the cytochrome b gene, respectively.  These introns belong to the 

subgroup IIB and are the most studied and best characterized, although even they require extremely 

unphysiological conditions for in vitro activity (100 mM Mg2+, 500 mM (NH4)2SO4 and 45°C), 

reviewed in (Michel and Ferat 1995).  

1.6 The Spliceosome: Pre-mRNA Splicing in Eukaryotes  

Intron removal in eukaryotes is catalyzed in the nucleus by a large, dynamic 

ribonucleoprotein (RNP) complex — spliceosome.  Five small nuclear ribonucleoprotein (snRNP) 

particles associate to form the dynamic splicing machinery.  The snRNPs are named by the small 
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nuclear (sn)RNA with which the protein factors associate: U1, U2, and U4/U5/U6-tri-snRNP.  

Human spliceosomes contain about 300 proteins, including the snRNP proteins and non-snRNA 

associated factors (Jurica and Moore 2003).  Spliceosome assembly proceeds anew each time, in a 

stepwise fashion, by recognition of specific pre-mRNA sequences and assembly of snRNPs (Figure 

1.12).  U1 snRNP recognizes the 5′ splice site at the beginning of the assembly process, forming the 

commitment complex in yeast, or early (E) complex in mammals.  In the second step the U2 snRNP 

is recruited and it base-pairs with the pre-mRNA, forming the branch site and creating the pre-

spliceosome (complex A).  Mature spliceosome (complex B1) associates by incorporation of the 

U4/U5/U6 snRNPs.  Dissociation of the U1 snRNP, followed by departure of U4 snRNP signifies 

maturation of the complex to catalytically active state (B2).  A structural rearrangement results in 

formation of U6 interactions with the pre-mRNA and U5 snRNA, as well as extended base pairing 

interactions with U2 snRNA.  The first step of splicing preceeds the second step, after which the 

individual components dissociate and are recycled in the subsequent reactions. 

Splicing in both the spliceosome and group II introns is initiated by the nucleophilic attack 

of the 2′OH nucleophile onto the 5′ splice site, which frees the 3′OH of the 5′ Exon (Exon 1) and 

results in a 2′-5′ branch site linkage.  The second step involves the attack of the free 3′OH 

nucleophile on the phosphate of the first residue of the 3′ Exon (Exon 2), resulting in formation of a 

3′-5′ linkage between the two exons and releasing the intron in the form of a lariat. (Peebles et al. 

1986; Schmelzer and Schweyen 1986; van der Veen et al. 1986).  Both systems feature similar 

stereochemistry, which suggests the common reaction pathway involving an SN2 in-line attack.  

Although the second steps are identical in both systems, the first step differs in groups involved in 

catalysis (Maschhoff and Padgett 1993; Moore and Sharp 1993; Padgett et al. 1994b; Sontheimer et 

al. 1997).  Both, group II introns and the spliceosome require metal ions for catalysis (Gordon et al. 

2000b).  

Very few sequences in the pre-mRNA are conserved.  Two pairs of conserved nucleotides, 

the GU and AG, mark the 5′ and 3′ ends of the intron, respectively, and a consensus branch site A, 

which is typically 18-40 nucleotides upstream of the 3′ splice site.  To compensate for the limited 

amount of information contained within the intron a large number of trans-acting elements interact 

with the pre-mRNA to fold into the active conformation.  It is therefore not surprising that the 

spliceosome functions through a number of RNA-RNA, RNA-protein and protein-protein 

recognition steps and ATP-mediated structural rearrangements, which culminate in formation of the 

catalytic core. 
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  Spliceosome requires numerous proteins for assembly and function (Brow 2002).   A large, 

highly conserved U5 snRNP protein, prp8 contacts all key sites of the spliceosome: the 5′ and 3′ 

splice sites, the branch site, U6 and U5 snRNAs.  Recent crystallographic data from the Lührmann 

group implicate a segment of prp8 in catalysis of splicing (Pena et al. 2008).  A section of prp8 that 

crosslinks to the 5′ splice site folds into an RNase H-like domain.  The fact that only two of the four 

required carboxylates are observed in the RNaseH-like domain of prp8, gave rise to the idea that 

prp8 may not be the only catalytic component, but that it is nonetheless involved in splicing, and 

that ultimately, catalysis in the spliceosome is RNA-protein-based (Butcher 2009).   

Although the identity of the catalytic molecules is still debated, the mechanistic and structural 

similarities between group II introns and the spliceosome add evidence to the theory in support of 

RNA-based splicing.  While RNA-catalyzed splicing of nuclear pre-mRNA has not been 

demonstrated, the results by Valadkhan and coworkers show that RNA is capable of catalytic steps 

resembling both steps of splicing (Valadkhan and Manley 2001; Valadkhan and Manley 2003; 

Valadkhan et al. 2009).  Although the first step proceeds through a hydrolytic pathway, which hasnχt 

been demonstrated in the spliceosome, the hydrolytic first step does have precedence among the 

group II introns (Podar et al. 1998a).  The second step has sequence requirements closely resembling 

that of the spliceosome, including the need for magnesium ions, (Valadkhan et al. 2009).   

Two types of spliceosomes exist in higher eukaryotes. The majority of eukaryotic pre-mRNAs 

are spliced by the U2-dependent, minor spliceosome (ATAC spliceosome).  A very small portion, 

although involved in essential functions of eukaryotic introns are spliced by the U12- dependent 

spliceosome.  Pre-mRNA of plants, insects, some fungi, vertebrae and 1% of human pre-mRNA 

contain U12-type introns. The non-canonical introns have different 5′- and 3′- splice site sequences, 

AU and AC, respectively and are highly conserved among species (the splice site sequence 

requirements contribute the name ATAC).  The two spliceosomes both utilize U5 snRNA.  U4atac 

and U6atac are functional counterparts of the U4 and U6 snRNAs in the major spliceosome, but 

share only limited sequence homology.  U11 and U12 are unrelated to U1 and U2 (Hall and Padgett 

1996).  Interestingly, U11, U12, U4atac and U6atac fold into similar structures to their cannonical 

counterparts (Tarn and Steitz 1996). 

1.7 U2-U6 snRNA Helix III 

Of the five small nuclear snRNAs, only U2, U6 and U5 snRNAs are located in the proximity 

of the splice sites and the branch site during splicing, and only U2 and U6 are involved in catalysis 
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(Chabot et al. 1985; Keller and Noon 1984; Lesser and Guthrie 1993; Parker et al. 1987; Ruskin et al. 

1988; Sontheimer and Steitz 1993).  U2 and U6 snRNAs alone are capable of performing catalysis 

closely resembling splicing (Valadkhan and Manley 2001; Valadkhan and Manley 2003; Valadkhan et 

al. 2009).  U2 and U6 snRNA form an extensive network of secondary and tertiary structure 

interactions with each other and the pre-mRNA.  U2 snRNA pairs with the pre-mRNA branch site 

sequence, forming a duplex that contains an adenosine, the 2′OH of which is the nucleophile for the 

first step of splicing; the term branch point adenosine (bpA) stemming from its involvement in the 

branching reaction (Parker et al. 1987; Wu and Manley 1989; Zhuang and Weiner 1989).  The 

extrahelical conformation of the bpA is preferred only in the presence of a conserved pseudouridine 

( ) modification (Newby and Greenbaum 2002).  

U2 and U6 snRNAs form a network of double-stranded helical motifs, which are essential for 

splicing: Helix I (Madhani and Guthrie 1992; Madhani and Guthrie 1994), Helix II (Datta and 

Weiner 1991; Wu and Manley 1991) and Helix III in mammals (Sun and Manley 1995).  The four-

way junction brings together the three intermolecular helices and the intramolecular stemloop (ISL) 

of U6 snRNA.  Several sections of U6 snRNA located within known secondary structures are 

phylogenetically conserved, mutationally sensitive and interact with divalent metal ions: the 

ACAGAGA sequence just upstream of Helix I (Brow and Guthrie 1988; Datta and Weiner 1993; 

Fabrizio and Abelson 1990; Madhani et al. 1990; Madhani and Guthrie 1992; McPheeters and 

Abelson 1992; Wolff et al. 1994), the catalytic AGC triad located at the hinge of the four-way 

junction (Gordon and Piccirilli 2001; Hilliker and Staley 2004; Madhani and Guthrie 1992) and U80 

in yeast (U74 in mammals) located within the asymmetric loop of ISL ( (Fabrizio and Abelson 1992; 

Yu et al. 1995).    

Metal-ion binding sites in U2 and U6 snRNAs are spatially separated by long helices and it is 

currently not known how they come together to form the catalytic center.  Because a number of 

interactions and structural changes are necessary for function, it is important to study RNA-RNA 

interactions that play a role in bringing the active elements into proximity. 

There is evidence that U2 and U6 snRNAs form an essential Helix III in mammals (Sun and 

Manley 1995).  U2-U6 Helix III was studied in a mammalian system by monitoring splicing of small 

t mRNA. Human 293 cells were cotransfected with a plasmid capable of transcribing the early 

region of the Simian vacuolating virus 40 (SV40), which was processed into the large T and small t 

mRNAs by using alternative 5′ splice sites (Sun and Manley 1995). The effect of several deleterious 
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point mutations in regions of U2 snRNA thought to be involved in Helix III can be reversed by 

compensatory mutations in the U6 snRNA, suggesting formation of a helical motif in vitro.  

Sun and Manley also tested the effects of point mutations in the 5′ splice site (5′-ss) and the 

branch site pre-mRNA, U2 and U6 snRNAs within Helix III on pre-mRNA splicing.  A splicing 

defect caused by a triple base mutation of the branch site pre-mRNA CUA→AGU (5′-3′), 

immediately 5′ to the branch point adenosine (bpA) was efficiently suppressed by mutations of bases 

in U2 snRNA to U2-UCA (3′-5′), consistent with formation of the branch site helix.  A native C-G 

base pair of the branch site duplex (intron-U2 orientation), located three base pairs upstream of the 

bpA, was substituted by an A-U base pair without deleterious effects.  Reversing the orientation of 

the C-G base pair to a G-C causes a splicing defect, which cannot be restored by a mutation of the 

U6 snRNA 42C→G.  However, an additional mutation involving the corresponding residue of the 

5′-ss intron (G→C) suppresses the splicing defect.  Wild type splicing efficiency is observed when 

the following arrangement of residues in branch site intron-U2-U6-5′ splice site intron is present: C-

G-C-G (wild type), A-U-C-G and G-C-G-C.  Taken together, these results are consistent with base-

pair formation between the U2 and the branch site, and the U6 and the 5′ splice site intron, but not 

between the U2 and U6, in the region of the putative Helix III, immediately upstream of the 

ACAGAGA sequence. 

Regions of U2 and U6 snRNAs in yeast spliceosomes do not form Helix III further upstream 

(with respect to the U6 strand), which was detected in mammalian spliceosomes.  Conversely, 

mutations in the region of the proposed U2-U6 Helix III in yeast can be suppressed by 

compensatory mutations in protein splicing factors, implicating those elements of U2 and U6 

snRNAs in interactions with Cus1-54p, Prp5p, Prp9p, Prp11p and Prp12p, yeast analogues of the 

mammalian SF3a and SF3b factors (Yan and Ares 1996).  The contradictory findings of studies in 

the yeast and mammalian systems could point to differences in structural features of the U2-U6 

pairing in the two systems.  The authors of the yeast study attribute the results of the mammalian 

assay to increased sensitivity of the short small t pre-mRNA to structural perturbation, due to short 

helices and lower stability of the secondary structures (Yan and Ares 1996).  With respect to the data 

presented in this dissertation, we propose a different model of RNA-RNA interaction in the region 

of the putative Helix III than proposed by Sun and Manley (Sun and Manley 1995).  Our model is in 

agreement with the study by Yan and Ares (Yan and Ares 1996). 

In light of the varying results of functional studies involving regions of U2 and U6 snRNAs in 

formation of Helix III, we set out to determine whether Helix III is present in solution in the 
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context of short pairing of U2 and U6 snRNAs and the branch site intron, in solution and a protein-

free system.  The sequence of U2 and U6 snRNAs involving Helix III pairing is identical in 

mammals and yeast.  U2 snRNA is complementary to both U6 and intron, in the region of the 

putative Helix III and has been implicated in tertiary interactions with the branch site and the 5′ 

splice site introns.  The question we attempted to answer in the first part of this dissertation was 

how the three strands representing the U2 and U6 snRNAs and the branch site pre-mRNA interact 

in solution.  We investigated the three strand pairing and tested whether a tertiary complex forms, or 

whether one pairing dominates under a variety of pH and ionic conditions, by NMR spectroscopy 

and non-denaturing gel electrophoresis.  We find that U2-intron and U2-U6 form stable helices.  

However, we observe no evidence of an intermolecular three-strand complex in any of the 

constructs studied.  Our findings support a model in which the Helix III 5′ to the ACAGAGA loop 

does not form, effectively creating a larger ACAGAGA loop.   

1.8 Group II intron 5′ Splice Site Recognition: EBS1-IBS1 Pairing 

Self-splicing group II introns fold into six autonomous domains.  D1, the largest of the group 

II intron domains, is generally considered to be the scaffolding element of the ribozyme (Qin and 

Pyle 1997), and is essential for substrate binding (Qin and Pyle 1999) as well as reaction specificity 

(Qin and Pyle 1999; Xiang et al. 1998) and efficiency (Boudvillain et al. 2000; Hetzer et al. 1997).  

D1 contains sequences that mediate fidelity of the cleavage site by forming canonical base pairs with 

sequences near the 5′ and 3′ splice sites of the exon (Costa et al. 2000; Jacquier and Michel 1987; Su 

et al. 2001).  The base-pairing between the EBS1 and IBS1, EBS2 and IBS2, EBS3 and IBS3 

sequences, as well as - ′ and - ′ interactions are involved in accurate positioning of the two exons 

within the active site of the ribozyme (introduced in section 1.5) (Figure 1.19), (Figure 1.20) 

(Boudvillain et al. 2000; Costa et al. 2000; Qin and Pyle 1998).   Of those, the EBS1-IBS1, EBS2-

IBS2 and - ′ interactions are involved in recognition and positioning of the 5′ exon and formation 

of the 5′ splice site (Figure 1.21). 

The EBS1 is a part of an 11-nucleotide stemloop at the terminus of ID3 (a subdomain of D1), 

while EBS2 is located within an asymmetric loop at a three-stem junction and the base of ID3.  The 

EBS1 and EBS2 sequences of D1 recognize the 3′ end of the 5′ Exon (Exon 1) by forming a total of 

13 base pairs (in aI5 ) with IBS1 (7 nucleotides) and IBS2 (6 nucleotides).  Inhibition studies of the  

ai5  intron have shown that the binding energy of EBS1 and EBS2 to their respective targets (IBS1 

and IBS2) is derived from base-pairing alone (Qin and Pyle 1997; Qin and Pyle 1999).   Interestingly, 
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binding of the full substrate is accompanied with an energetic penalty as compared to individual 

helices, which weakens the overall binding affinity, appears to be linked to a structural 

rearrangement and is thought to prevent splicing of mis-paired substrates (Qin and Pyle 1999).  The 

EBS1-IBS1 and EBS2-IBS2 duplexes do not form coaxial stacking interactions (Xiang et al. 1998); 

furthermore the EBS2-IBS2 interaction is not essential for splicing (Wallasch et al. 1991).     

The EBS1sequence of the ID3 stemloop independently and specifically recognizes the 5′ exon 

by forming seven base pairs with the IBS1 sequence (Jacquier and Michel 1987; Qin and Pyle 1999).  

The EBS1-IBS1 interaction is formed before the first step and persists through the second step of 

splicing (de Lencastre et al. 2005).  The identity of base-pairs is not conserved, but the base pairs co-

vary phylogenetically to maintain the potential for base-pairing, reviewed by (Michel et al. 1989).  

The junction between the double stranded region of EBS1-IBS1 and the single stranded segment of 

the ID3 loop is thought to mark the 5′ splice site (Su et al. 2001). 

The EBS1-IBS1 pairing is essential for all reactions performed by group II introns.  The 

pairing between ID3 and the 5′ and 3′ splice sites is necessary for splicing through the branching 

pathway of the bI1 intron in vitro (Hetzer et al. 1997).  The EBS1-IBS1 pairing is essential for 

splicing of the ai5c intron (Jacquier and Michel 1987).  In addition, in the minimal ai5  ribozyme 

consisting of D1-3 with D5 added in trans, the pairing between EBS1 and IBS1 is required for the 

correct 5′ splice site selection (Su et al. 2001).  EBS1-IBS1 and - ′ pairings are required and 

sufficient for correct 5′ splice recognition in a bacterial IIB group II intron in vivo (Barrientos-Duran 

et al. 2011).   

Retrohoming, the most common mobility pathway for group II introns, involves reverse-

splicing into specific sites in the double stranded DNA, followed by reverse transcription by the 

intron-encoded reverse transcriptase (Cousineau et al. 1998; Eskes et al. 1997; Matsuura et al. 1997; 

Yang et al. 1996).  Recognition of the correct splice site during retrohoming by the large 

mitochondrial IIA-type, aI1 and aI2 introns is accomplished by base pairing of the EBS1, EBS2 and 

 sequences with complementary DNA sequences (Guo et al. 1997; Yang et al. 1998).  The base-

pairing sequence requirement is less stringent for the EBS2-IBS2 pairing, only strictly required for 

the EBS1-IBS1 pairing in the Lactococcus lactis L1LtrB (Mohr et al. 2000).    

1.9 The Role of ID3 Loop in EBS1-IBS1 Pairing 

Folding of the active site of group II introns involves a number of synergistic interactions.  

The 5′ splice site is anchored by its interactions with elements of D1: EBS1-IBS1, EBS2-IBS1, - ′, 
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EBS3-IBS3 and - ′.  These base-pairing  interactions bring the scissile phosphate into proximity of 

the catalytic residues of the ribozyme (Toor et al. 2008b).  It appears that contiguous (cis) introns 

retain some degree of activity in the first step even without the requirement for the EBS1-IBS1 

pairing, although with diminished activity in the second step (Hetzer et al. 1997).  Conversely, 

ribozymes assembled from separate domains (in trans) require the EBS1-IBS1 pairing for accurate 5′ 

splice site recognition.  These findings implicate the EBS1-IBS1 pairing in fine-tuning of the 5′ splice 

site selection.  

The question of how the correct phosphate is recognized remains.  It has been suggested that 

the last residue of the intron, G329, is specifically recognized by the ribozyme (Jacquier and 

Jacquesson-Breuleux 1991; Wallasch et al. 1991).  However, it appears that the terminal G residue is 

not recognized specifically.  In contrast, it appears that the ribozyme recognizes the phosphate 

between the double and single stranded region of the EBS1-IBS1 pairing; splicing one nucleotide 

upstream of the canonical 5′ splice site can be detected when helix stability is altered (Su et al. 2001).  

The fact that the EBS1-IBS1 pairing can be elongated, but not shortened implicates the 

structure/size of the loop in the mechanism of the cleavage site selection.  The size of the loop of 

ID3 has been shown critical for splicing in bi1 yeast mitochondrial introns (Hetzer et al. 1997).  This 

finding is consistent with a model in which the ID3 loop and by base-pairing with it, the target 

occupy a specified space within the active site.  The size of the loop in this context is essential for 

bringing the cleavage site into proximity with the active components of the catalytic site.  Taken 

together, these results directly implicate the ID3 loop in the 5′ splice site selection. 

We suggest that pairing of the substrate with EBS1 sequences in the precise structural context 

of the ID3 loop is essential for correct splice site selection.  By virtue of being positioned within a 

structure of a loop and not a linear sequence, the correct number of bases are available for pairing 

and the flanking residues are not.  The EBS1 sequence supplied as a linear oligomer shows no 

activity, in splicing assays involving the in vitro deletion-complementation assay of the bI1 intron 

(Hetzer et al. 1997).  In this dissertation, we show NMR structural evidence that the structure of the 

ID3 stemloop affects the availability of bases for base pairing. 

In order to determine the structural features of the EBS1-IBS1 interaction we performed a 

structural determination of the ID3 stemloop as well as a spectroscopic study of the ID3-IBS1 

complex in solution.  The structure of the ID3 stem loop shows a well structured stem and the base 

of the loop.  In contrast, the structure of the loop involving residues of the EBS1 sequence is not 

well defined.  In the absence of the IBS1 target, the residues of EBS1 form a flexible loop, which 
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upon interaction with the IBS1 target become structured, forming seven base pairs.  Interestingly, 

although the ID3 loop contains EBS1 flanking sequences that have additional base-pairing potential, 

the EBS1-IBS1 pairing ends at the 5′ splice site.  We see no evidence of a G•U wobble pair 

immediately upstream of the 5′ splice site, nor the A-U base pair, two bases away from the splice 

site.   

1.10 The Summary of Questions Addressed 

This dissertation investigates the RNA-RNA interactions associated with recognition of the 

active elements of two splice sites.  The first part of the dissertation addresses questions regarding 

the formation of secondary structure elements believed to be involved in splicing of the U2-

dependent spliceosome, by solution NMR spectroscopy and gel electrophoresis.   

The latter part of the dissertation investigates the structural features of a stem loop element 

of the ai5  group II intron.  We determined a solution NMR structure of ID3 stem loop and 

investigated structural features of the EBS1-IBS1 complex, a pairing involving the EBS1 region of 

the ID3 stem loop.  We investigated the effects of the ID3 stem loop structure on the EBS1-IBS1 

pairing.  A question we addressed was whether the large 11-nucleotide loop forms a stable structure.  

We tested whether the EBS1-IBS1 pairing forms in solution and what structural changes of the ID3 

loop accompany the formation of EBS1-IBS1 pairing.  We wanted to determine the effect of ID3 

structure on the availability of bases of the EBS1 for base pairing.      
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Figure 1.1:  Building blocks of nucleic acids.   Five nucleobases (from left to right):  adenine, 
guanine, cytosine, uracil (found in RNA) and thymine (present in DNA) (A).  Nucleside (Cytidine) 
contains the nucleobase attached at N1 position through a glycosydic bond to C1′ position of the 
ribose ring.  Guanosine monophosphate (GMP) is linked to a phosphate moiety through a 
phoshpodiester bond at C5′.  Adenosine triphosphate (ATP) contains three phosphates linked by 
phosphodiester bonds (B).  (left) RNA oligomer, (right) DNA oligomer (C). 
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Figure 1.2 C2′-endo and C3′-endo conformations of riboses.   Riboses of A-form helical RNA 
adopt C3′-endo conformation. Deoxyribose of B-form DNA adopts C2′-endo conformation.  
Riboses involved in non canonical interactions often adopt C2′-endo conformation (Puglisi and 
Puglisi 1998).  Ribose in C3′-endo conformation exhibits very small J1′-2′ coupling, not observable in 
NMR spectra.  Ribose in C2′-endo  conformation shows a measurable J1′-2′ coupling of about 7-8 Hz. 
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Figure 1.3 Schematic of uracil (U) and pseudouracil (ψ) bases.   R denotes ribose.  The  base 
is a uracil rotated about the 3-6 ring axis, in which base-sugar linkage is C-C and which contains an 
additional protonated ring nitrogen 
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Figure 1.4:  Watson-Crick base pairs in RNA   The A-U base pair (A) and G-C base pair (B), 
showing functional groups accessible in the major and minor grooves.  Dashed line indicates 
hydrogen bonds.    
  

. 

. 



25 
 

 
 

  

 

 

 

 

 

 

 

 

 

Figure 1.5: The G•U wobble pair.   Involves two hydrogen bonds between groups on the Watson-
Crick faces of G and U bases.  O2 of U, which is not involved in Watson-Crick pairs is involved in 
hydrogen bonding of the G•U wobble.  G•U wobble pairs are the most frequently found non-
canonical base pairs in RNA structure, reviewed in (Varani and McClain 2000) . 
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Figure 1.6:  U…A-U and C+…G-C Hoogsteen base triples.   Hoogsteen triples comprise 

hydrogen bonding interactions of the imino face of a base with Hoogsteen face of a purine involved 
in a Watson-Crick base par, and thus are considered major groove interactions. 
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Figure 1.7:  Structure of A-form and B-form helices.   (A.)  The B-form of DNA features a 
broad and deep major groove, whereas the minor groove is narrow and almost as deep. (C.) The 
major groove of RNA is deep (13.5Å) and narrow (2.7Å), while the minor groove is wide (11Å) and 
very shallow (2.8Å), adapted from (Steitz 1990). Viewed along the center axis of the helix: (B) the 
base pairs of the B-form helix overlap with respect to the long axis of the molecule.  (D). The base 
pairs of the A-form helix stack in such a way that a cavity is created along the center of the helix.  In 
A-form RNA there are ~11 base pairs per turn; in B-form DNA there are ~10. Adapted from (Lu 
and Olson 2003). 
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Figure 1.8 Secondary structure motifs of RNA.  Secondary structure motifs include single and 
double stranded regions of RNA.  Adapted from (Chastain and Tinoco 1991). 
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Figure 1.9: Torsion angles of RNA nucleotide monophosphate.  Carbon atoms are black, 
oxygen atoms are red, phosphorous atoms are yellow and nitrogen atoms are blue. Each torsion 
angle can described by four atoms or by by three single bonds, which connect the four atoms.  In an 
RNA molecule, the defined torsion angles will always involve a C-C, C-O or an O-P, as the second 
bond.  Sighting down the second bond, the dihedral angle is defined as the angle between the 
projections of the bond between the first and the second atom and the bond between the third and 
the fourth atom.  Adapted from (Saenger 1983). 
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Figure 1.10:  Structures of Tetrahymena thermophyla group I intron and mechanism of 
splicing of group I introns. (A) Secondary structure; (B) 3D crystallographic structure, color of 
helices coordinates to the color of shading in the secondary structures schematic. (C) A cartoon of 
the splicing steps of the Group I intron; splicing is initiated by the nucleophilic attack of a 3′OH of 
an exogenous G, which releases the 5′ intron and its 3′OH.  The second step involves a nucleophilic 
attack of the 3′OH on the 3′ splice site, forming mature RNA and free 5′-G-intron.  Adapted from 
(Guo et al. 2004). 
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Figure 1.11: Secondary structure of group II introns.   The secondary structure of two major 
types IIA and IIB are shown schematically.  The largest, domain one (D1) contains the EBS1 
sequence within the ID3 stem loop.  D6 contains the nucleophile for the first step of splicing.  D5 is 
the proposed catalytic domain and features the largest degree of sequence conservation (Michel et al. 
1989).  Regions of tertiary interactions are marked by the letter pairs (x-x′), as well as in the same 
color of the segment.  EBS1/IBS1 pairing sequences are marked in dark grey. Adapted from 
(Fedorova and Zingler 2007) 
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Figure 1.12:  Schematics of the splicing mechanisms of the spliceosome and group II introns 
and the stereochemistry. (Left panel) pre-mRNA splicing in the spliceosome, group II intron 
splicing following the branching pathway (middle panel), and the hydrolytic pathway (right panel) are 
shown. Adapted from (Dayie and Padgett 2008)  
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Figure 1.13:  Models of two splice sites in group II introns.  The schematics desribe 
stereochemical preferences determined from phosphorothioate substitution experiments (Gordon et 
al. 2007; Gordon et al. 2000b; Sontheimer et al. 1999).  (A.) Step one involves a magnesium ion 
coordinated to the leaving group oxygen.  (B.) Step two involves a magnesium ion stabilizing the 
oxygen of the leaving group as well as the nucleophile. Adapted from (Pyle and Lambowitz 2006). 
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Figure 1.14:  A simplified cartoon of assembly of yeast spliceosomes.  Spliceosomal complexes 
and their components are shown, as well as the pre-mRNA, mRNA and the intron lariat.  Adapted 
from (Jurica 2008). 
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Figure 1.15: The schematic of components and assembly of the mammalian spliceosome.  
Schematic cartoon of the spliceosome cycle, showing pre-mRNA-snRNP complexes.  Exon 1 is in 
marked in blue and exon 2 is in yellow.  Adapted from (Weaver 2002).  
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Figure 1.16:  Schematic of the two-step transesterification reaction carried out by the 
splieosome.  Splicing begins by the nucleophilic attack of the 2′OH nucleophile on the 5′ splice site, 
which frees the 3′OH of the 5′ exon and results in a 2′-5′ branch site linkage.  The second step 
involves attack of the 3′OH nucleophile on the 3′ splice site, forming a 3′-5′ linkage between the two 
exons and resulting in the release of the intron in the form of a lariat. Adapted from (Brow 2002) 
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Figure 1.17: Structural parallels between the group II intron and the spliceosome.  
Homologous secondary structures are highlighted in the same color in (a) group II intron and the 
(b) splicesome.  Domain 5 and U6 ISL are in red, and the exon-binding sequences (EBS1, 2 and 3) 
and U5 are in orange. Exons are shown in magenta and branch site regions in the two systems are in 
blue and green.  Adapted from (Valadkhan 2005) 
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Figure 1.18:  The proposed U2, U6 snRNA and pre-mRNA pairing of the catalytic core of 
the spliceosome.  U2 and U6 helices shown are helix II, helix Ia and helix Ib.  The branch site helix 
involves a number of base pairs and an extrahelical adenosine in the presence of a conserved 
pseudouridine (Newby and Greenbaum 2002).  The interaction of U6 snRNA and 5′ splice site 
involves few base pairs, but its interaction with the 5′ splice site is supported by several lines of 
evidence (Kandels-Lewis and Seraphin 1993).  Adapted from (Ryan et al. 2004) 
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Figure 1.19: Secondary structure ai5γ group II intron from Saccharomyces cerevisiae COX I  
The segments involved in the tertiary interaction are conneected by the red arrow. The EBS1-IBS1 
interaction in group II introns involves a number of base pairs (seven in ai5 ), which evolutionarily 
always covary. Adapted from (Fedorova and Pyle 2005) 
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Figure 1.20:  A model of the active site of the aI5γ group IIB intron from mitochondrial COX 
I gene of  Saccharomyces cerevisiae.  Functional distance constraints were derived from photo-
crosslinking studies and were combined with known tertiary interations to provide a tree-
dimensional veiw of the active site of the ribozyme.  Model was constructed from functional 
distance constraints and energy was minimized using the CNS software.  Adapted from (de 
Lencastre et al. 2005). 
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Figure 1.21: Tertiary interactions involved in recognition and positioning of the 5′ and 3′ 
exons (Exons 1 and 2) (Costa et al. 2000) Base-pairing interactions are marked with dashes.  G•U 
wobble pairs are noted with dots.  Tertiary interactions involving base pairs between regions of D1 
and the 5′- and 3′ splice sites are boxed.  Residues of the ID3 are shown in black.  5′ Exon residues 
are shown in purple.  The first residue of the 3′ exon (IBS3) is green.  Residues of D1, EBS3 and ′ 
involved in tertiary interactions with IBS3 of the  and  are colored blue. 
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Figure 1.22: The EBS1-IBS1 interaction involved in recognition and formation of the 5′ 
splice site Base-pairing interactions are marked with dashes.  G•U wobble pairs are noted with dots.  
5′ Exon residues are shown in purple.  The EBS1-IBS1 pairing involves seven base-pairs, six 
canonical Watson-Crick and one G•U wobble pair.  We noted the absence of two base pairs 
downstream of the 5′ splice site in solution.  Our findings implicate the structure formed by the ID3 
loop in positioning of the bases of ID3 with respect to the IBS1 target and therefore in availability 
of bases for base-pairing, and thus in 5′ splice site selection. 
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CHAPTER TWO 

2 MATERIALS AND METHODS 

2.1 Spectroscopic Studies of the U2-U6 snRNA-intron Interaction 

RNA oligomers representing fragments of the U2 and U6 snRNAs and pre-mRNA intron 

that interact specifically during the assembly of the spliceosome were designed for use in the 

spectroscopic studies.  The RNA oligomers represent the Saccharomyces cerevisiae native sequence 

comprising the branch site duplex, the U2-U6 helix Ia and the proposed U2-U6 helix III.  The 

native sequence of the yeast branch site duplex includes 9 residues of the U2 snRNA and 8 residues 

of the pre-mRNA intron.  Two base pairs were added to stabilize the duplex for in vitro studies.  The 

U2-U6 helix Ia includes 4 base pairs, and the proposed helix III involves 4 base pairs.  The U2 

snRNA oligomer comprises 15 nucleotides and contains the conserved  modification.  The U6 

snRNA oligomer contains 15 nucleotides including the invariant ACAGAGA sequence.  The pre-

mRNA intron oligomer consists of 10 nucleotides. 

A set of RNA oligomers was designed to represent a longer portion of the proposed Helix III.  

The oligomers were of native Saccharomyces cerevisiae sequence.  Two additional G-C base pairs were 

added to the τfarυ end of the U2-U6 helix III, as well as the end of the U2-intron stem, close to the 

branch site region, to stabilize the duplexes.     

2.2 Synthesis, Deprotection and Purification  

All RNA oligomers used in the spliceosomal study were synthesized by Dharmacon, Inc. 

(Boulder, CO), on a 1 m scale, using 5′-O-silyl-2′-O-orthoester (ACE) chemistry (Scaringe, et al., 

1998), and deprotected according to company protocols (Scaringe 2000; Scaringe et al. 1998) 

(Scaringe, et al., 1998; Scaringe, 2000).  Each sample from a 1- m synthesis was received lyophilized 

in two microfuge tubes.  All samples were incubated with 400 L of 100 mM acetic acid (pH 3.8 

with TEMED), in a 60C water bath for 30 minutes, and lyophilized to dryness. 
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Samples were resuspended in 10 mM sodium phosphate buffer, pH 6.4 containing 50 mM 

NaCl and 0.1 mM EDTA and purified using anion exchange chromatography.  As the first step of 

anion exchange chromatography, samples were loaded onto the column packed with hydrated 

Diethylaminoethyl (DEAE) Sephadex resin.  Each RNA oligomer was first washed with 10 mM 

sodium phosphate buffer, pH 6.4, containing 0.1 mM ethylenediaminetetraacetate (EDTA), 

followed by 10 mM sodium phosphate buffer, pH 6.4 with 200 mM NaCl and 0.1 mM EDTA.  

RNA was eluted with two column volumes of 1 M NaCl  in 10 mM sodium phosphate buffer, pH 

6.4 with 0.1mM EDTA.  Samples were desalted using 3000 molecular weight cut-off (MWCO) 

centrifugal filters, Centricon by Millipore, (Billerica, MA).  Concentrations of strands were 

determined from absorbance at 260 nm (A260) using the Beer-Lambert equation:                                                                       2.1 

where A=absorbance, =extinction coefficient (L mol-1 cm-1), l=path length, c=concentration.  

Samples were then lyophilized to dryness and stored at -20°C. 

2.3 Gel mobility Shift Assay of the U2-intron-U6 Strands 

Samples used for the non-denaturing PAGE comprised the equimolar amounts of U2, U6 and 

intron strands.  Samples were mixed in stoichiometric ratios, and annealed by heating to 92 °C, 

slowly cooled to 37ºC, then placed on ice.  The gels used were 20% polyacrylamide (19:1 

acrylamide:bisacrylamide), 33 mM tris(hydroxymethyl)aminomethane (2-Amino-2-hydroxymethyl-

propane-1,3-diol-Tris), 67 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 20 mM 

NaCl, , with or without 10 mM MgCl2..  Electrophoresis was performed at 4°C.  Gels were stained 

with Nuclistain® and destained in water.  Images were recorded with a digital camera, under UV 

light.    

2.4 NMR Spectroscopy of the U2-intron-U6 StrandsIntroduction 

Nuclear Magnetic Resonance (NMR) spectroscopy is study of transitions between energy 

levels of nuclear spins using pulses of radio frequency light.  The energy difference between nuclear 

spins is induced by and is proportional to the strength of the magnetic field.  The energy of a 

photon a nucleus absorbs the energy difference between two spin states of the nucleus, and it is 

proportional to the frequency of electromagnetic radiation absorbed by the nucleus.  A nucleus of 

non-zero spin has a magnetic dipole moment ( ) in the magnetic field, which has a direction and 

magnitude.  In the semi-classical model, when a magnetic field is applied, magnetic moments of 

nuclei become aligned with the external magnetic field (parallel or anti-parallel) and torque is exerted 
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onto the magnetic moments, forcing them to precess about an axis defined by B0, at an angular 

frequency 0. The Larmor frequency ( 0), also known as the resonance frequency of the nucleus, 

given by:                                                            2.2 

where  is the gyromagnetic ratio of the nucleus, ΔE is the energy difference between two spin states 

of a nucleus of spin ½, ћ is Planckχs constant divided by 2π.  The Larmor frequency is also the 

frequency of a photon spanning the two spin states of the proton nucleus.  This identity is the basis 

for the classical treatment of isolated spin-1/2 nuclei by NMR spectroscopy. 

 Combined magnetization of a large number of individual spins (bulk magnetization) is 

governed by the Boltzman distribution and is represented as a single vector (net magnetization 

vector), which aligns along the z-axis of the external magnetic field.  Brief pulses of electromagnetic 

radiation induce excitation and transitions between the adjacent energy levels.  The pulses of radio-

frequency light cause the magnetization vector to rotate about the axis of the applied pulse.  The 

magnetization can in this manner be rotated by any angle (flip angle), depending on the length and 

power of the pulse.  The flip angle ( ) is given by:                                                                    2.3 

where B1 is the intensity of the applied pulse (field strength, given in units of frequency) and p is 

the duration of the pulse.  In order to simplify the description of experiments, spectroscopists ignore 

precession of bulk magnetization following application of a pulse, effectively creating a rotating 

frame of reference (precessing at Larmor frequency).   

The exact energy spacing, and consequently the frequency of electromagnetic radiation that 

is absorbed, is strongly dependent on the local field each nucleus experiences, which depends on the 

chemical environment of each nucleus, e.g., what type of nucleus it is and how many bonds it is 

involved in, its charge, and distance and identity of nearby atoms.  The difference between a specific 

resonance frequency of a nucleus ( 0) and the Larmor frequency is termed the chemical shift.  The 

chemical shift is measured in parts per million (ppm), in order to normalize frequencies and allow 

easier comparison between magnets of different field strengths.  The chemical shift  (ppm) is given 

as:                                                                    2.4 

 

where  is the resonance frequency of the nucleus, 0 is the reference frequency (Larmor frequency). 
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In addition to shielding effects by local electron density, nearby nuclei in a chemically 

bonded network effect the frequency of other nuclei through an effect called scalar coupling (J).   J-

couplings cause mutual splitting of NMR transitions of bonded nuclei.  Each resonance is split, with 

the magnitude of splitting (Hz) representing the J coupling.  Scalar coupling is not field dependent 

nor is orientation dependent.  However, J couplings are conformation dependent.  They change with 

a change in relative conformation of nuclei and are valuable probes for the study of conformation of 

biomolecules. 

The relationship between vicinal homonuclear scalar couplings and their respective dihedral 

angles that are defined by the intervening chemical bonds is quantified by the generalized Karplus 

equation (Haasnoot et al. 1980; van Wijk et al. 1992; Wijmenga et al. 1993a).  The Karplus equation 

is defined as: 

                                                    
    

                                                                             2.5 

where Δ i,  and Δ ij,  are the differences in Huggins electronegativity between hydrogen and the  
and  substituents in the fragment that defines the torsion angle (Wijmenga and van Buuren 1998). 

Δ i,  and Δ ij,  are 1.3 (O), 0.4 (C), 0.85 (N) and -0.05 (P).  The parameter i is either +1 or -1 

depending on the orientation of the substituents, as shown in (Wijmenga and van Buuren 1998).  

The parameters P1 through P6 depend on the number of non-hydrogen  substituents.  Applying 
these values to the ribose ring, it follows that the Karplus equation defines the 3JHH coupling 

constants as:  

                                                           
          

                                                                            2.6 

This Δ i=Δ i,  equality is valid for J1′2′, J1′2′′,  J2′3′ and J2′′-3′.  The torsion angle ϕ in the Karplus 

equation is related to the pseudorotation angle P and pucker amplitude m by the following equation:                                                                    2.7 

In cases where riboses convert rapidly between N- and S-type conformations (C3′- and C2′-
endo, respectively).  Relative populations in either conformation can be found by the fraction (pS) of 

the S-conformer, which is described by:                                                                  2.8 
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where      
  and        are three-bond scalar couplings of the N- and S-conformers, respectively, 

and are defined by P and m in their respective conformations (Wijmenga and van Buuren 1998). 

The process that governs the return of nuclear spins to equilibrium distribution is called 

relaxation.  The return of magnetization from the x-y plane to the z-axis is dependent on two 

mechanisms: transverse relaxation (spin-spin), given by the T2 time constant and R2 rate constant; 

and longitudinal relaxation (spin-lattice) occurring with the T1 time constant and R1 rate constant.  

Transverse relaxation describes loss of a phase-relationship called coherence, which results in a loss 

of signal in the x-y plane without the reappearance along the z-axis.  T2 relaxation is known as 

adiabatic relaxation, because no exchange of energy with the lattice occurs during the process.  

Longitudinal relaxation governs the return of spins to their equilibrium distribution, and therefore 

the appearance of magnetization along the z-axis.  Bloch equations  describe relaxation 

phenomenologically (Bloch 1946).  Bloch equations describe the change of the projections of the 

bulk magnetization vector onto the three Cartesian axes in the rotating frame of reference.                                                                                                                       2.9 

where terms in the brackets represent the cross product of bulk magnetization (M) and applied field 

(B1) vectors.  M0 is the magnitude of the bulk magnetization vector at equilibrium, MX, MY and MZ 

are projections of magnetization vector onto the x-, y- and z-axis, respectively. T1 is the longitudinal 

relaxation time constant, T2 is the transverse relaxation time constant. 

 One of the dominant relaxation mechanisms of spin ½ nuclei in diamagnetic biological 

macromolecules is the dipolar relaxation.  The Nuclear Overhauser Effect (NOE) is observed as a 

result of cross-relaxation of dipolar-coupled spins.   Chemical exchange of spins, which stems from 

either exchange between environments, such as in chemical reactions or from conformational 

exchange, is also detected as a cross peak in NOESY spectra.  The time dependence of 

magnetization transfer is similar for cross-relaxation and chemical exchange, and therefore cross 

peaks arising from both processes can be observed in NOESY spectra (Cavanagh et al. 2007). 

 The effects of chemical exchange can be studied by NMR if the exchange occurs between 

magnetically distinct sites.  The NMR chemical shift time scale is defined by the difference in 

frequencies of the exchanging sites.  In the case of slow exchange, distinct resonance lines are 

detected for both sites.  If the exchange rate is similar to the chemical shift time scale, resonances 

become broader; and if the exchange rate exceeds the difference in chemical shifts, only one 
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resonance line is detected.  The position of the resonance line in the spectrum is defined by the 

population-weighted average of the shifts.  

The maximum magnitude of the chemical shift frequency difference is about 16 ppm in a 1H 

spectrum.  In a magnetic field of 14.1 T, the Larmor frequency for protons is 600 MHz.  The 

corresponding difference between the frequencies of spins is 9600 Hz.  Therefore, detection of 

distinct lines would indicate that the rate of exchange is much slower than 9600 s-1, corresponding to 

a time scale that is much longer than 100 s.   

In practice, the chemical shift difference between exchanging spins is never this large, and 

individual resonance lines would be observed only for spins exchanging at a much lower rate.  As an 

example, riboses in single-stranded and otherwise unstructured regions of RNA undergo 

conformational exchange.  The exchange between C3′- and C2′-endo conformations occurs at a 

microsecond time scale (Johnson and Hoogstraten 2008).  The chemical shift range of anomeric 

ribose H1′s is generally 5-6 ppm.  The 1 ppm chemical shift difference corresponds to 600 Hz, 

indicating that  distinct lines for an H1′ in two different conformations would only be observed if 

the exchange is much slower than 600 s-1, which corresponds to a life time that is much longer than 

2 ms, (at the magnetic field of 14.1 T).  

2.4.2  NMR of RNA 

RNA molecules that fold into stable structures are amenable to structural study by NMR.  

Individual sections of RNA comprising secondary structure motifs are in most cases stable building 

blocks that can be studied and are therefore useful targets for structural determination by NMR 

spectroscopy.  1H and 31P atoms are natural components of RNA structure, with nuclei of spin-½ 

that are visible to NMR spectroscopy.  15N and 13C are useful probes for RNA structural studies by 

NMR and although are not a found at natural abundance can be introduced into RNA molecules 

through isotopic labeling (Nikonowicz et al. 1992). 

NMR of RNA relies on 1Hs, whose chemical shift dispersion is low, yielding crowded 

spectra.  Because of overlap of 1H signals the current limit of RNA size that can be studied by 

homonuclear methods is about 20 nucleotides.  Spectral overlap is resolved by introducing the third 

dimension in the spectra by using the chemical shift of the attached carbon-13 or nitrogen-15.  In 

large RNAs, however, carbon-13-resolved NOESY experiments can be of limited use due to severe 

chemical shift degeneracy of both carbons and protons and broad lines caused by relaxation 

properties of carbon-13 nuclei.      
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Chemical shifts of 1H resonances contain structural information.  The chemical shifts of 

imino protons are indicative of the base-pairing interactions in which they are involved.  Imino 

protons that resonate between 12-14 ppm are generally involved in Watson-Crick base pairs, 

whereas those with resonances between 10-12 ppm are either involved in non-canonical base pairs 

or are otherwise protected from rapid exchange with solvent. 

Currently, structural determination of RNA is most commonly based on distance 

information obtained using Nuclear Overhauser Effect Spectroscopy (NOESY).  The NOE is 

observed as a crosspeak in a 2D NOESY spectrum, having the chemical shifts of both resonances.  

NOE crosspeaks provide distance information about nearby nuclei, with 1/r6 distance (r) 

dependence.  Because of the distance dependence, only nuclei within ~5-6 Å undergo a cross-

relaxation process called NOE.    Distances between nuclei are determined from the intensity or 

volume of cross peaks (NOEs), which can be used as restraints for the calculation of RNA structure. 

2D spectra of exchangeable protons exhibit NOE patterns that can help distinguish types of 

base-pairing interactions.  Watson-Crick interactions of A-U base pairs are distinguished by a sharp 

and intense NOE of the non-exchangeable AH2 to the U imino 1H (NH3) of the base pairing 

partner.  τAbove and belowυ, two broad NOEs can be seen between the imino 1H and two 

adenosine amino 1Hs (N6H2), if their exchange is sufficiently slowed.  The imino proton of a G-C 

base pair generally has NOEs to four other 1Hs, two relatively sharp ones, to cytosine N4H2 (due to 

the intermediate exchange regime of the amino protons of the cytosine) and two broader ones, to 

guanosine N2H2.   

Resonances of non-exchangeable 1Hs are identified based on an analysis of through-space 

and through-bond interactions in spectra recorded in a deuterated solvent (D2O, heavy water).  In 

A-form helices anomeric H1′ of each ribose has an NOE to the aromatic H6/8 proton of its base 

and the preceding (5′) base.   This connectivity allows the NOESY τwalkυ along the H6/8-H1′ 

NOEs of the RNA strand, aiding base-specific assignment or resonances.   

Resonances of pyrimidine H5 nuclei have the same chemical shift range as H1′ 1Hs, but they 

are easily distinguished by their intense NOEs to H6 protons (~2.45 Å apart).  H5-H6 crosspeaks, 

can also be seen in 2D TOCSY (Total Correlation Spectroscopy) spectra, because H5 1Hs exhibit 

through-bond correlations with H6 1Hs; and because they are in identical locations in the NOESY 

spectra, they are a useful starting point for spectral assignment.  They are also a valuable tool for 

determining whether the molecule of interest exhibits one or more conformations.  If the number of 

H5-H6 cross-peaks is identical to the number of pyrimidines in the RNA molecule, then one 
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conformation is present.  The opposite goes if a different number of H5-H6 correlations is 

observed.  A useful starting point for sequential assignment is identification of the sharp adenosine 

H2 resonances and their NOEs to H1′ protons.  In A-form helices AH2 has two NOEs to H1′, 

which are located in sequential (3′) direction on the same strand and also in the 3′ direction on the 

opposite side. 

   Ribose protons H2′, H3′, H4′, H5′ and H5′′ resonate within a narrow spectral window (3.5-

5 ppm).  In A-form RNA ribose 1Hs can be identified based on their NOEs to aromatic base and 

H1′ protons at different mixing times.  In an A-form helix H6/8 NOE to H2′ of the preceding base 

is strong, while an NOE to its own H2′ is weak.  NOEs of the base H6/8 protons to either 

preceding or the sequential H3′ are of medium intensity, while NOEs to both H4′ are weak. H1′-H2′ 

intraresidue NOE is strong, while the one between H1′ and H3′ is medium.  Strong NOEs are 

analyzed during the initial stages of the assignment process.   

In the single-stranded regions and loops riboses often assume non-C3′ endo conformations 

and frequently C2′-endo conformation.  Scalar couplings (3JHH) between H1′-H2′ nuclei of riboses in 

C2′-endo conformation are relatively large (7-8 Hz), and can be measured from DQF COSY spectra.  

The cross peaks in TOCSY spectra in the region of H1′-H2′ are useful tools for assessing riboses in 

atypical conformation and assigning the resonances of H1′ and H2′ protons of those riboses (van 

Duynhoven et al. 1992; Wijmenga et al. 1994).  At longer spinlock times in TOCSY spectra (70-100 

ms), cross-peaks can be observed between ribose protons removed by more than one C-C bond, 

aiding in the assignment process.  This information is especially helpful in the regions of non-

canonical RNA structure. 

2.4.3  Sample Preparation. 

The final concentration of RNA molecules used for NMR experiments was approximately   

1mM.  For observation of exchangeable protons NMR samples of the U2-intron and U2-U6 

duplexes and the U2-U6-intron complex were prepared.  Equimolar amounts of U2 snRNA, U6 

snRNA and intron strands were combined, dried and resuspended in 270 L NMR buffer consisting 

of 10 mM sodium phosphate, pH 6.4, 50-100 mM sodium chloride, and 0.1 mM EDTA, in 90% 

H2O / 10% D2O (99.96%, Cambridge Isotope Laboratories, Inc.), the latter added for lock.  

Microvolume NMR tubes (Shigemi, Inc.) were used for all NMR data collection.  For the 

observation of non-exchangeable protons, samples were lyophilized and resuspended in 99.96% 

D2O (Cambridge Isotope Laboratories, Inc.) twice, to remove as much residual H2O as possible.  

Samples were dried a final time and resuspended in 99.96% D2O.  The pH of samples was measured 
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with a pH microelectrode (Beckman Coulter, Inc.) and adjusted by addition of small volumes of 10 

mM hydrochloric acid or 10 mM sodium hydroxide. 

2.4.4 NMR Data Collection 

All NMR spectra used in structural studies of the U2-intron duplex, the U2-U6 duplex and 

U2-U6-intron three strand complex were collected on a 720 MHz Varian Unity Plus spectrometer 

and 600 MHz Varian Unity Plus spectrometer (National High Magnetic Field Laboratory, 

Tallahassee, FL).  Quadrature detection was provided by the States method (States et al. 1982) in all 

experiments, with the exception of the excitation sculpting NOESY experiment (Callihan et al. 

1996a), for which the States-TPPI method (Marion et al. 1989a) was used.  All NMR data were 

acquired in phase-sensitive mode.  Spectra were apodized with a Gaussian function and zero-filled in 

both the direct and indirect dimensions.  Two-dimensional experiments were processed and 

visualized with Varian VNMR software and assigned using Sparky (Goddard and Kneller).   

1D spectra of exchangeable protons of U2-intron and U2-U6 duplexes and U2-U6-intron 

complexes were collected using a 1D jump-return (1-1) echo pulse sequence (Sklenar and Bax 

1987b; Sklenar et al. 1987).  The 1D jump-return echo sequence employs two hard (non-selective) 

90° pulses whose phases are 180° shifted and separated by a  time-delay (Plateau and Gueron 

1982), followed by two 1-1 pulses separated by 2  delay, which combined act like a selective 180˚ 

pulse (sine excitation profile) with no excitation of the water (Sklenar and Bax 1987b).  The 

combined effect of the 1-1 echo is zero net rotation of water magnetization.  The carrier frequency 

was placed at the H2O frequency and the -delay was adjusted to maximize the intensity of imino 

proton resonances.   

NOESY spectra of exchangeable protons of the U2-intron and U2-U6 duplexes and the U2-

U6-intron complex were collected using 1-1 (jump-return) echo NOESY (gNOESY11) sequence 

(Sklenar and Bax 1987b; Sklenar et al. 1987).  The first part of the pulse involves two non-selective 

pulses separated by an evolution time, during which spins acquire chemical shift information in the 

transverse plane (Jeener et al. 1979).  Exchange process takes place during the mixing time, while 

magnetization is longitudinal and any remaining transverse magnetization is defocused by a strong 

homogeneity spoiling (HS) pulse.  The 90° observe pulse is replaced by the jump-return (1-1) echo 

sequence, which is phase cycled to obtain the greatest possible water suppression (Sklenar and Bax 

1987b).  In the  2D  spectrum,  all  resonances have  a  sin3(2π ) dependence in  the  F2  dimension, 

where  is the  resonance  offset  of  interest  in  Hz; and  do  not  exhibit  any  offset  dependence  

in the  Fl dimension (Sklenar et al. 1987).  A mixing time of 150 ms was used for gNOESY11 
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spectra (for the pulse sequence see Figure 2.3 (A)).  The exchangeable proton spectra were collected 

at 4C to slow the rate of labile proton exchange with water.  The spectra were referenced by setting 

the H2O proton signal to 5.01 ppm.   

Through-space interactions (NOEs) of non-exchangeable 1H in the U2-intron strand were 

assessed by the use of a TN-NOESY pulse sequence, Figure 2.3 (B), which utilizes a long, low 

power selective rectangular pulse (presaturation pulse) for suppression of the residual water signal.  

Spectra were collected at 25C, and the residual HOD resonance was referenced to 4.8 ppm.  

Pyrimidine H5-H6 crosspeaks were observed in TN-TOCSY spectra, collected with 35 and 70 ms 

mixing times.  The pulse sequence for TN-TOCSY (Figure 2.3 (C)) employs an MLEV-17 

composite pulse train for spin lock (Bax and Davis 1985 (b); Levitt et al. 1982) and a presaturation 

pulse for water signal supression.  In a TOCSY spectrum, cross peaks intensity is dependent upon 

mixing time and the magnitude of the scalar coupling constant (J), so that at shorter mixing times, 

such as 35ms, only protons that have relatively large (>7-8Hz) scalar coupling (J) constants are 

observed.  This means that only H1′-H2′ cross peaks from riboses with C2′-endo character, having 

JH1′-H2′ couplings close to 7-8Hz are visible in a TOCSY spectrum at short mixing times.   

2.5 Design of the ID3 Stem Loop Samples 

The RNA oligomers used for spectroscopic studies were designed to represent a stem loop 

(ID3) and its oligonucleotide target (intron binding site 1, IBS1), involved in the recognition of the 5′ 

splice site of the ai5  group II intron.  The 11-nucleotide loop of the ID3 contains the exon binding 

sequence one (EBS1) that forms six Watson-Crick base pairs and a G•U wobble with the intron 

binding sequence one (IBS1) immediately upstream of the 5′ splice site.  The ai5  group II intron is 

located within the mitochondrial COX I gene in Saccharomyces cerevisiae.   

The RNA oligomer that represents the ID3 stemloop comprises 23 nucleotides, which form a 

6 base pair stem and an 11-nucleotide loop.  The RNA oligomers used in this study represent the 

native group II intron sequence, with three GC pairs added to the end of the stem to increase 

stability.    The 10-nt oligomer designed to represent the ID3 target, contains the native IBS1 

sequence including two nucleotides of the intron adjacent to the 5′ splice site.   

Slightly longer IBS1 target oligomers (14-nt) were designed for use in heteronuclear NMR 

experiments.  Additional nucleotides were added to optimize yield of transcriptions in vitro, which 

were used to for sample preparation.     
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2.6 Synthesis of the ID3 Stem Loop 

An RNA oligomer representing the ID3 stem loop (5′ GGG UGU AUU GGA AAU GAG 

CAC CC 3′) was transcribed in vitro, by T7 RNA polymerase from a double-stranded DNA template 

containing T7 phage promoter sequence (Milligan et al. 1987).  RNA was purified using a 20% 

denaturing polyacrylamide gel containing 7M Urea and TBE buffer (89 mM Tris, 89 mM boric acid, 

2 mM EDTA, pH 8.3).  Electrophoresis was performed and gel was monitored until bromophenol 

blue dye reached the bottom of the gel plate.  RNA bands were visualized by UV-shadowing on a 

fluorescent screen.  A band of 23-nt length was excised from the gel.  RNA was eluted from gel 

slices by electroelution.  Electrophoresis causes RNA molecules to migrate out of the gel slices, 

trapping them in a chamber by a filter of a molecular size cut off smaller than the size of RNA.  

Eluent was concentrated and RNA was precipitated by addition of 3M NaOAc to a final 

concentration of 0.3M NaOAc and 3 volumes of cold (-20 °C), 100% ethanol.  RNA was peletted 

by centrifugation at 15000 g, for 20 minutes.  RNA pellets were washed twice with cold 80% 

ethanol, dried and resuspended in nanopure H2O (Beckman-Coulter).  RNA was washed with 5 M 

NaCl, followed by three washes with nanopure H2O, using Microsep 1000 MWCO Omega 

concentrators (Pall, Exton PA).  Samples were dried and resuspended in nanopure water.  

Concentration was determined using Varian Cary 50 UV-Vis spectrophotometer and extinction 

coefficient of 233400 (L/mol/cm) for ID3, 128900 (L/mol/cm) for IBS1 (14-nt) and 104100 

(L/mol/cm) for IBS1 (10-nt).  Final RNA concentration of NMR samples was about 1 mM, pH 6.0, 

0-100mM NaCl, 0.1 mM EDTA.  250 µL RNA samples were placed into microvolume NMR tubes 

(Shigemi, Inc.), used for NMR data acquisition.   

Two RNA strands representing a 7 base pair stem of ID3 were synthesized by Dharmacon® 

(Boulder, CO) to aid in proton assignments of the ID3 molecule.  A 10-nucleotide RNA oligomer 

representing the IBS1 target was synthesized by Dharmacon (Boulder, CO).  The three RNA strands 

commercially produced were purified and prepared as described above. 

2.6.1 Isotopically Labeled ID3 Oligomers for Structural Studies 

A uniformly labeled ID3 molecule was prepared using 13C/15N labeled NTPs (Cambridge 

Isotopes Laboratories (CIL), Andover MA) by transcription in vitro by T7 RNA polymerase (Milligan 

et al. 1987).  RNA was purified as described above. 
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2.6.2 Isotopically labeled IBS1 Oligomers 

Two IBS1 (14-nt) target molecules were synthesized with specifically labeled nucleotides; one 

with 13C15N-labeled CTP, the second with doubly labeled GTP (CIL, Andover MA).  The sequence 

of the target molecule was 5′ GGA CAU UUU CGA GC 3.  The C-labeled target was synthesized 

by in vitro transcription of T7 RNA polymerase using synthetic, single stranded DNA template 

(Milligan et al. 1987).   RNA was purified by denaturing PAGE and eluted from gel slices by the 

crush and soak method, in TBE buffer, for 4 hours.  The soak was repeated a total of three times.  

RNA was purified as described above.   

The G-labeled target sample was transcribed from a single stranded template containing a 

double stranded promoter and a cis-acting hammerhead ribozyme (Price et al. 1995).  Using a longer 

DNA template allowed higher transcription yields.  The RNA oligomer produced by ribozyme 

cleavage has a 5′OH group instead of the phosphate, which is the product of GMP incorporation at 

the 5′ end during in vitro transcription (Price et al. 1995).  Incorporation of ribozymes into template 

DNA is a useful tool for production of large quantities of RNA with homogenous 5′- and 3′-ends 

that allows introduction of desired sequences at the 5′ end instead of the obligatory GGG sequence, 

which is useful for NMR studies (Price et al. 1995).  

2.7 Gel mobility Shift Assay of the ID3-IBS1 Complex 

Samples used for the non-denaturing PAGE comprised the ID3 stemloop and the IBS1 target 

oligomers (10-nt and 14-nt).  Samples were mixed in stoichiometric ratios, with small excess (<10%) 

of the target oligomer and annealed by heating to 72°C, snap cooled in mixture of water and 

methanol at -10 °C.  The gels used for non-denaturing PAGE were 20% polyacrylamide (19:1 

acrylamide:bisacrylamide), Tris-HEPES buffer, 20 mM NaCl,, pH 8.0,  with or without 10 mM 

MgCl2..  Electrophoresis was performed at 4°C.  Gels were stained with SybrGold®.  Images were 

recorded with a digital camera, under UV light.    

2.8 Circular Dichroism of ID3 Stem Loop 

2.8.1 Introduction 

Circular Dichroism (CD) is differential absorption of left and right circularly polarized light.    

CD absorption occurs due to the asymmetry in the environment of the transitioning electron.  RNA 

differentially absorbs left and right circularly polarized light due to its chirality or τhandednessυ.  CD 

spectra of levorotatory and dextrorotatory biomolecules have identical spectra, but are of opposite 
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sign.  CD spectra of biomolecules are sensitive to conformational change, giving representative 

structural signature in each case.   

The transitions that give rise to absorption in CD spectra (200-300 nm) are electronic 

transitions occurring in the bases of the nucleotides.  Directions of transition dipoles have been 

calculated for each base (Chou, Johnson, 1993).  Circular dichroism of nucleic acids is dependent on 

stacking properties of the bases.  Polynucleotides with different types of bases have many 

overlapping bands and their effects can be analyzed qualitatively.  The hydrophobic stacking causes 

stacking and coulombic interactions that give rise to intense CD bands at 268 nm, which correspond 

to transitions in bases (Fasman 1996; Sosnick et al. 2000).  The transition within the range of 

wavelengths between 170 and 220 nm is indicative of the handedness of the double helix.  Right-

handed helices show a negative band in that range.  An A-form RNA exhibits two strong transitions, 

a negative one at 210 nm and a positive one at 260 nm, and a small negative CD between 290-300 

nm. B-form exhibits a positive transition band at 280 nm (Bloomfield et al. 2000 -a). 

2.8.2 Sample Preparation 

Samples used for circular dichroism studies (CD) comprised 22 M samples of ID3 stem 

loop and a mixture of equimolar amounts of ID3-IBS1 strands (a slight excess of the target strand 

was added <10%, to minimize the amount of free ID3).  The samples were dissolved in 50 mM 

sodium chloride (NaCl) or in 50 mM NaCl with 400 M magnesium chloride.  Two control samples 

were prepared, the first containing 50 mM sodium chloride and the second a 24 M IBS1 target in 

50 mM NaCl.   

2.8.3 CD Data Collection 

CD spectra were recorded on an Aviv biomedical (Lakewood, NJ) CD spectrophotometer 

(model 202-01) equipped with a thermoelectric temperature controller.  A quartz cuvette with 0.1 

cm path length and 200 µL volume was used (Starna Cells®).  All spectra were collected at 4°C. 

Background signal was subtracted and spectra were plotted using Microsoft Excel®.  Ellipticity 

(mdeg) was converted to mean residue ellipticity (degM-1cm-1) per residue, using molar concentration 

of RNA, cell path length (0.1 cm) and number or residues (23 for ID3 or 33 for complex). 
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2.9 NMR Data Collection for Structure Calculation of the ID3 Stem Loop 

2.9.1 Introduction 

2D and 3D homonuclear and heteronuclear spectra of the ID3 stemloop were collected in 

order to derive distance and dihedral angle information used for structure calculation. 

2.9.2 Sample Preparation 

The final concentration of RNA oligomers used for NMR experiments was approximately 1 

mM.  NMR samples of ID3 and ID3-IBS1 complex were prepared.  For the study of exchangeable 

protons, the ID3 stemloop and ID3-IBS1 complex were dissolved in 50-100 mM sodium chloride, 

and 0.1 mM EDTA, in 90% H2O/10% D2O (99.96%), pH 6.4 (Cambridge Isotope Laboratories, 

Andover MA), the latter added for lock.  The samples were folded by heating to 72°C for 2 minutes 

and snap cooling on ice.  Microvolume NMR tubes (Shigemi, Inc.) were used for all NMR data 

collection.  For the observation of non-exchangeable protons, samples were lyophilized and 

resuspended in 99.96% D2O (DSS) (Cambridge Isotope Laboratories, Inc.), twice and dried a final 

time and resuspended in 99.96% D2O, 0.01mg/ml DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid), 

the latter used as an internal referencing standard.  The highly shielded methyl protons in DSS 

resonate in the most upfiel region of proton spectra, and by convention, their resonance is set to 0 

ppm.  Some experiments were carried out in the presence of 5 mM magnesium chloride in order to 

evaluate the possibility of magnesium ion-dependent structural changes.  The removal of magnesium 

was accomplished by addition of 10 mM EDTA, and τwashingυ of the sample in 1000 MWCO filter 

(Pall, Exton PA).  

2.9.3 NMR Data Acquisition 

All NMR experiment used in structural studies of the ID3 stemloop samples were collected 

on a 600 MHz Bruker Avance spectrometer equipped with a TXI cryoprobe (Hunter College, New 

York, NY).  Quadrature detection  in all 2D experiments was achieved by the States-TPPI method 

(Marion et al. 1989b).  Quadrature detection in the 3D experiments for the F1 dimension is achieved 

by the States-TPPI method, and in the F2 dimension by the echo-antiecho gradient selection.  Two-

dimensional experiments were processed using Bruker TopSpin 2.1 software and nmrPipe (Delaglio 

et al. 1995).  3D experiments were processed using nmrPipe (Delaglio et al. 1995).  Spectra were 

apodized with a cosine squared window function and zero-filled in all the direct and indirect 

dimensions.  2D Spectra were analyzed and assigned using Sparky (Goddard and Kneller) and 

CCPN (Vranken et al. 2005). 
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2D NOESY spectra of the exchangeable protons were collected using excitation sculpting 

techniques (Callihan et al. 1996b) in order to assess the base-pairing patterns of the ID3 stemloop 

and the ID3-IBS1 complex.  The excitation sculpting (ES) building block is a double pulsed field 

gradient echo that acts on selected transverse magnetization (Hwang and Shaka 1995; Stott et al. 

1995).  The spin echo is applied on the final transverse magnetization, which dephases and then 

refocuses the desired magnetization. At the center of each echo, a selective 180 pulse is applied on 

the water resonance and then a hard 180 pulse, resulting in a net 360° rotation of the solvent 

magnetization.  This pulse sequence makes use of two pairs of gradients of different strengths to 

avoid inadvertent refocusing the water signal (Callihan et al. 1996b).  A mixing time of 120 and 200 

ms was used in collection of ES-NOESY spectra, at 4C to slow the rate of exchange of RNA 

protons with the bulk water 1Hs.  The methyl proton resonance of DSS (4,4-dimethyl-4-silapentane-

1-sulfonic acid) was referenced to 0 ppm.   

Non-exchangeable proton spectra were recorded by using a phase sensitive NOESYphpr 

pulse program, which employs a long low power selective pulse for suppression of residual water 

signal.  Spectra of the ID3 stemloop were collected at 25C, while the spectra of the ID3-IBS1 

complex were collected at 15°C.  Pyrimidine H5-H6 crosspeaks were observed in TOCSY 

(mlevphpr) spectra collected with 35 and 70 ms mixing times.  The pulse program for MLEVvphpr, 

(shown in Figure 2.3) features an MLEV-17 (Bax and Davis 1985 (b); Levitt et al. 1982) composite 

pulse scheme for spin lock.  A double-quantum-filtered COSY experiment, COSYdfphpr pulse 

program, which does not decouple spins, was performed to estimate the 3JH1′-H2′ couplings of riboses 

demonstrating C2′-endo propensity in TOCSY spectra. 

Heteronuclear experiments were used for collection of data used in assignments of ID3 and 

ID3-IBS1 complex.  Initial assignment of ribose protons and carbons was achieved with the use of 

constant time heteronuclear single quantum correlation spectroscopy (ctHSQC), which utilizes 

homonuclear broad-band decoupling (Vuister and Bax 1992).  Aromatic protons and carbons of 

bases were assigned through the use of gradient sensitivity enhanced heteronuclear multiple 

quantum correlation spectroscopy (HMQC), which provides sensitivity enhancement by refocusing 

and detecting two orthogonal in-phase proton magnetization components (Palmer et al. 1991).  

Chemical-shift assignments of ribose spin systems were made by using a gradient enhanced three-

dimensional triple resonance experiment HCCH-TOCSY, which correlates ribose aliphatic protons 

via 1J(CH) and 1J(CC) coupling constants (Kay et al. 1993).  Hydrogen bonds between Watson-Crick 
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pairing partners were observed directly through the use of an HNN-COSY experiment (Dingley and 

Grzesiek 1998) in the labeled ID3 molecule.  A scalar coupling between hydrogen bonded nitrogens 

is detected in the HNN-COSY experiment and is observed as a positive diagonal peak with a 

negative crosspeak, which results from the 15N-15N scalar coupling of about 7 Hz (Dingley and 

Grzesiek 1998).    

 One dimensional proton-decoupled 31P spectra of the ID3 stemloop and ID3-IBS1 complex 

were acquired in order to assess the backbone dihedral angles. 500 MHz Varian INOVA 

spectrometer with an HCX probe, equipped with Z-axis gradients was used for collection of 31P 

spectra.  The X-channel was tuned to 202.3 MHz in order to detect phosphorous.  85% phosphoric 

acid (H3PO4) was used as an external referencing standard at 0.00 ppm (3.46 ppm upfield of 

trimethyl phosphate).  Spectra were collected at 15-25°C.  

2.10 Structure Calculation of the ID3 Stem Loop 

2.10.1 Introduction 

A number of experimentally determined structural and theoretical constraints are required 

for determination of RNA structures.  Currently, several experimentally derived restraints are used 

for NMR-based structure calculation:  NOE-based distance restraints, dihedral angle restraints, 

hydrogen bond distance restraints, chemical shifts and residual dipolar couplings, reviewed in 

(Flinders and Dieckmann 2006).  Although modeled restraints such as A-form helical dihedral values 

in the double stranded regions of RNA, or base planarity restraints are generally included, a 

conservative approach to the use of these restraints is suggested (Varani et al. 1996).     

2.10.2 Calculation of Structures by Simulated Annealing   

All computational methods for structure calculation follow the same basic sequence.  In the 

case of simulated annealing (SA), which is a part of restrained molecular dynamics, the overall goal 

of structure calculation is to define a set of structures of from a starting structure by using 

experimental constraints, combined with other information derived from semi-empirical energy 

potentials.  The solution involves determining a structure of lowest energy, which is determined by 

finding the numerical solution to Newtonχs equation of motion.  

The starting structure contains primary sequence information and correct geometries, such 

as bond lengths and angles, base planarity and proper chirality, included in the semi-empirical force 

field (potential energy function), provided by the software package.  The calculation begins with a 

set of randomly generated coordinate sets of an unfolded structure and a random velocity assigned 
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to each atom.  The starting structures are τheatedυ to a very high τtemperatureυ, as means of setting 

the initial total energy of the system.  Trajectories of atoms in the force field are calculated as a 

function of time.  Velocities of each atom are calculated at specified, small time steps, based on their 

initial kinetic energy and the potential energy applied by the force fields.  The force fields are defined 

by the potential energy of covalent interactions, van der Waals interactions and experimentally 

derived NMR restraints, such as NOE distance restraints, dihedral angles derived from J scalar 

couplings and hydrogen bonds. The goal of structure calculation is to reach the global energy 

minimum.   

The molecule samples a very large conformational space during the τhotυ stage and because 

sufficient energy is available, many of the restraints are unfulfilled.  The system is allowed to τcoolυ, 

thereby lowering the total energy of the system very slowly in order to reach a global minimum, 

while additional restraints are introduced and which must be satisfied as the energy of the system 

lowers.  The shape of the potential energy term that describes a particular restraint dictates the 

severity of the energetic penalty imposed based on the degree of restraint violation (difference 

between the target and calculated value).  The potential energy function that describes the NOE 

distance restraint is proportional to the square of the difference between the target and current 

NOE distance, when the violation is larger than 0.5 Å (Stein et al. 1997).  As violations of restraints 

involve a high energetic penalty, as the system cools more restraints are τforcedυ into agreement.   

The proportionality coefficients, given by the potential energy terms are adjusted at different 

times during simulated annealing, thus allowing targeted introduction of restraints (forces) during 

different stages of the protocol, to aid in fine tuning of local structures.  The τheatingυ and 

τcoolingυ cycles are repeated several times to avoid being trapped in local minima.  The calculations 

are repeated several times in order to obtain a representative sample of a closely related family of 

structures.  Care must be taken not to bias the structure, as at this point any erroneous long range 

distance constraints can have a very large impact on the final structure.     

Simulated annealing is an algorithm for approximation of the global minimum of a function.  

The simulated annealing algorithm employs a degree of randomness as a part of its logic, in order to 

optimize a structure.  Similarly to its namesake physical process, simulated annealing (SA) attempts 

to replace the current structure with a random structure, which often samples from structures very 

similar to the current one, while assessing the total energy of the system.  The algorithm selects 

between the previous and the current structure almost randomly at high τtemperatureυ, but tends to 

choose a τbetterυ structure as the τtemperatureυ lowers.   The hallmark characteristic of simulated 
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annealing that prevents it from being trapped in a local minimum is allowance of τuphillυ moves 

(Cerny 1985; Kirkpatrick et al. 1983).  Whereas simulated annealing is the preferred method for 

reaching the global minimum, conjugate-gradient minimization (Hestenes and Stiefel 1952) or 

Powell minimization are used for final energy minimization, as only steps in the τdownhillυ direction 

are allowed.  Since the analytic solution is required by the gradient methods, Powell minimization is 

more efficient for cases where the derivatives of the potential energy terms are calculated 

numerically, as is done in TAMD.    

2.10.3 Torsion-Angle Molecular Dynamics (TAMD) Structure Calculation Protocol 

All NMR structure calculations involve determination of coordinates of atoms, which have 

to satisfy the experimentally derived constraints (NOEs, J coupling constants) and chemical 

information (stereochemistry, nonbonded interactions).  The goal of any molecular dynamics 

protocol is to produce a structure at a global energy minimum.  In  molecular dynamics in torsion 

angle space (Bae and Haug 1987; Bae and Haug 1988; Jain et al. 1993; Mathiowetz et al. 1994; Rice 

and Brunger 1994) distances between bonded nuclei are fixed, and certain angles are restricted so 

that atoms in a molecule rotate about bonds, only sampling torsion-angle space.  This method has 

been shown to be very successful for calculations of structures of large biomolecules, reducing the 

conformational space available to the molecule by an order of magnitude as compared to Cartesian 

space molecular dynamics (Stein et al. 1997). 

The approach used by TAMD for NMR structure calculations involves a hybrid-energy-

function-based optimization problem (Brunger and Nilges 1993b).   

ETotal = EChem + ENMR      
EChem = EGeom + wVDW EVDW 

                                     ENMR = wNOEENOE + wDihederalEDihedral                   2.10                 

where w is a weighting factor.  EChem describes the agreement with the expected values for bond 

lengths and angles, planarity, chirality and nonbonded interactions, composed of van der Waals, 

hydrogen bonding and electrostatic interactions (Brunger and Nilges 1993b).  Van der Waals energy 

function is described by a purely repulsive quadratic potential, whereas NOE potential energy 

function is described by flat-bottomed parabolic (square-well) function with a τsoftυ asymptote 

(Brunger and Nilges 1993a; Nilges et al. 1988; Nilges et al. 1991). In TAMD, solvent interactions are 

not included, so hydrogen bonds are modeled as pseudo-NOEs.  The potential energy function of 
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hydrogen bonds has steep walls with a higher exponential function than that of NOEs, making them 

relatively rigid distance constraints (Stein et al. 1997). 

As a brief summary of the structure calculations using TAMD in XPLOR-NIH, the 

topology file, which contains information about atom types, charges, bonds is used as the first step 

in calculation of the extended structure.  The extended structures are regularized by simulated 

annealing and energy minimization against EChem (Equation 2.10), in order to optimize local 

geometry.  TAMD comprises four stages.  The initial stage consists of torsion angle search at high 

τtemperatureυ during which time the repulsive energy term constant is 0.1, which allows atoms 

sample a large conformational space.  During the second stage and while the τtemperatureυ is 

lowered the weight of the repulsive term is gradually increased.  The third stage consists of slow 

cooling and Cartesian molecular dynamics.  The final step consists of energy minimization.  The last 

two stages allow the bond lengths and angles to relax, reaching the global energy minimum.  Explicit 

water molecules are generally not included in the calculation of RNA structures, so the electrostatic 

energy term is omitted, allowing the structure to relax further.  Figure 2.15 shows the four stages of 

TAMD with a summary of parameters used for structure calculation of RNA molecules.  These 

parameters were also used for structure calculation of the ID3 stem loop.  

Certain changes to the protocol were implemented for nucleic acids due to vibrations of 

non-rigid ribose rings.  The τtemperatureυ of the τhotυ stage was reduced to 20,000K from 50,000 

used for proteins.  The coefficient for the dihedral restraint energy term was decreased from 100 (for 

the case of proteins) to five (for RNA), during both stages of torsion-angle dynamics.  The length of 

both TAMD stages was tripled in order to obtain acceptable structures.  For the calculation of ID3 

stem loop structures, we decreased the time step during the first two stages from 0.015 to 0.007 and 

0.008 ps, in that order, in order to optimize the process, as previously shown (Popenda et al. 2008).  

2.10.4 Assessing the Quality of Structures Determined from NMR Structural Restraints 

The quality of a family of converged structures is to be determined, once the structures have 

been calculated.  A method that would provide an indication of both precision and accuracy of 

NMR structures, akin to the crystallographic R-factor, where a number of experimental constraints 

are set aside for the determination of quality of structure, is rarely used for RNA structure 

determination.  The precision of structure is determined by calculating the pair-wise root-mean-

square deviation (r.m.s.d.) within a family of structures.  The precision, however, does not have any 

relevance to the accuracy of the structure.  Therefore, one must rely on the experimental constraints 
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to assess the accuracy of a structure.  The number of experimentally derived constraints can be used 

as an indicator of the quality of the structure (Rife and Moore 1998).  Another way to accomplish 

this task involves calculation of energies associated with violations of experimental constraints.  Care 

must be taken during the calculation process in any adjustments of the restraints, as well as during 

the assessment of the quality of the final structures, which may involve a combination of several 

different approaches (Varani et al. 1996).   

2.11 Calculation of the ID3 Stem Loop Structure 

2.11.1 The ID3 Nomenclature and Numbering 

ID3 stem loop structure was numbered starting with the 5′-end nucleotide, 1-23.  This 

numbering is used in structure calculation and throughout the text.  All constraint tables were 

constructed using this numbering system. 

2.11.2 Determination of the Distance Restraints  

Distance restraints were determined from a non-exchangeable proton spectrum recorded at 

150 ms and 25°C by using CCPN software (Vranken et al. 2005).  The average pyrimidine distance 

(2.45 Å) was used as a reference.  The lower and upper bounds on distance restraints were set to 

±30%.   The values obtained for distance constrains were confirmed by observation of spectra with 

increasing mixing times (50-550 ms).  NOE cross-peaks observed at 50 ms mixing time, considered 

strong NOEs, which are generally set to the distance of 1.6-3 Å.  NOEs of medium intensity at 150 

ms corresponded to 2.0-4.2 Å.  Conversely, NOEs observed only at mixing times of 350-550 ms 

corresponded to weak and very weak NOEs, whose distances were 2.5-5.4 Å and 3.0-6.6 Å, 

respectively.  The NOE distance restraints were applied as tables: Non-exchangeable_1H.tbl and 

Exchangeable_1H.tbl, during structure calculations; Tables 1. and 2. of the Appendix.  Hydrogen 

bond restraints were applied as rigid restraints, in Table 3. in the Appendix, Hbond.tbl. 

2.11.3 Dihedral Angle Restraints 

Ribose puckers were constrained based on estimates of H1′-H2′ J coupling constants; and  

and  backbone dihedral angles were constrained based on chemical shifts of 31P spectra.  Ribose 

pucker of U8, U9 and U15 was estimated to be C2′-endo based on strong coupling observed in the 

DQF-COSY spectra, and strong H1′-H2′ and H1′-H3′ crosspeaks observed at 70 ms mixing time in 

TOCSY spectra.  The 1, 2, and  dihedral angles for riboses in C2′-endo conformation were set to 

35±5°, -35±5° and 140±20°, respectively.  The remaining loop residues, including the stem-closing 
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G•U wobble were left unconstrained.  For stem residues (2-5 and 19-22) ribose pucker was 

constrained to C3′-endo, based on the absence of H1′-H2′ crosspeaks and the 1, 2, and  angles 

were set to -20±10°, 35±5° and 80±20°, respectively.  1, 2, and  angles of G18 of the G•U stem 

closing pair were loosely constrained to -20±20°, 35±10° and 80±60°, respectively.  Dihedral angles 

for the first base pair of the stem G1-C23 were left unconstrained. 

The  and  torsion angles of the backbone were conservatively constrained to 0±120° to 

exclude trans conformation of all loop residues, based on chemical shifts of the 31P resonances.  All 
31P chemical shifts fell within the narrow range of -1.2-0 ppm excluding the possibility of trans 

conformation of  and  torsion angles.  The  torsion angle of loop residues was conservatively 

constrained to exclude gauche+ conformation (-120±120°).  Backbone torsion angles , ,   and  of 

stem residues (2-5 and 18-22) were constrained to A-form values: -60±40°, 180±50° -160±50° and -

70±50°, respectively.  The  torsion angle of stem residues (2-5 and 18-22) was constrained to 

gauche+ conformation 60±30° 

The -angles for G11 was constrained to syn conformation due to the intense H6-H1′ NOE 

observed at 50 ms mixing time.  The -angles for G10, A12 and A13 were left unrestrained because 

of strong overlapping sequential H6/8-H1′ cross peaks.  The remaining bases were loosely restrained 

to anti conformation ( =-150±90°).  Dihedral angle restraints were applied as the ID3dihed.tbl, 

Table 4. in the Appendix. 

2.11.4   Structure Calculation and Refinement 

The structure of the ID3 stem loop was calculated using the TAMD protocol (Rice and 

Brunger 1994; Stein et al. 1997) implemented in XPLOR-NIH package (Schwieters et al. 2003) with 

nucleic.par and nucleic.top parameter and topology files.  A total of 100 initial structures with proper 

geometry were generated.  The protocol follows four stages, as described above.  The initial high 

temperature molecular dynamics stage consisted of 8000 steps with a time step of 0.008 ps, at 20,000 

K.  During this stage the weight on the NOE distance restraints and repulsive (van der Waals) terms 

were 150 kcal mol-1 Å-2 and 0.1 kcal mol-1 Å-2, respectively.  The energy constant for the dihedral 

angles was set to 5 kcal mol-1 rad-2.  During the second stage of simulated annealing, temperature was 

lowered to 1000 K while 10,000 steps of TAMD were performed with a time step of 0.007 ps.  The 

weight on the repulsive term was linearly increased to unity.  The force constant for the dihedral 

term was set to 100 kcal mol-1 rad-2.  During the third stage, the molecule was cooled from 1000 K 

to 300 K while 2000 steps of Cartesian molecular dynamics were performed, with time step of 0.003 



64 
 

ps.  The final minimization stage consisted of 1000 steps of Powell minimization.  The four stages of 

TAMD were performed without planarity restraints.   

Finally, the structures were refined using the DELPHIC potential for relative position of 

close bases and dihedral angles of nucleic acids (Clore and Kuszewski 2003).  The DELPHIC 

potential was used only for stem residues 2-5 and 19-22.  Planarity restraints were used for base pairs 

involving residues 2-6 and 18-22.  Conservative planarity energy restraints used for A-U (G•U) and 

G-C base pairs, were 20 kcal mol-1 Å-2 and 80 kcal mol-1 Å-2, respectively.  Planarity restraints were 

applied as PlanarityRestraints.tbl, Table 5. in the Appendix.  Ten structures without violations of 

NOE distances greater than (0.5 Å), dihedral angles (5°) and lowest energy were selected among the 

twenty structures of lowest energy.  
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Figure 2.1:  RNA component of the active site of the yeast spliecoeome The U2-U6-intron 
pairing comprises helices II, Ia and Ib, the intramolecular stemloop (ISL); and the proposed helix 
III.  Metal ion binding sites are marked with asterisks. 
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Figure 2.2:  RNA sequences used for spectroscopic study of U2 and U6 snRNA and intron 
pairing.  U2-U6-intron pairing comprises putative Helix III.  The effects of the branch site duplex 
on the U2-U6 Helix III formation were studied using sequences shown.  All sequences used are 
native Saccharomyces cerevisiae sequences, except the sequences representing longer portions of Helix 
III.  Three Gs were added to the 3′- and to two Gs were added to the 5′-end of U2, with 
corresponding additions in U6 and intron, to stabilize stems.  
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Figure 2.3:  NMR pulse sequences used in assignment of proton resonances for structural 
study of extended branch site constructs. (A) Jump-retun (1-1) echo NOESY pulse sequence.  
The carrier fequency is positioned at H2O,  is selected to enhance the region of interest (Sklenar 
and Bax 1987a).  (B.) TN-NOESY pulse sequence (NOESYphpr on the Bruker console).  All pulses 
are 90 and are on 1H.  (C.) TN-TOCSY pulse sequence (MLEVphpr on the Bruker instrument).  
All pulses are on 1H.  is a 90 pulse. The MLEV-17 composite pulse cycle serves to rotate 
magnetization that is initially aligned along the x-axis, so that it ends up along the x-axis at the end of 
the cycle.  SLx are trim pulses used to defocus any magnetization that is not aligned parallel to the x-
axis.  Adapted from (Bax and Davis 1985).  

A. 

B. 

C. 
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Figure 2.4: RNA sequences used in structural study of  ID3 and ID3-IBS1 complex.   Native 
Ai5  group II intron sequence was used.  Three G-C base-pairs were added at the beginning of the 
stem to stabilize constructs for NMR studies.  Watson-Crick pairs and G•U wobble pairs are marked 
by dashes and dots, respectively.  The target sequence containing IBS1 and the 5′ splice site is shown 
in purple.  
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Figure 2.5: CD spectra of the 23-mer RNA hairpin (dashed line ) and 23-mer DNA hairpin 
(continuous line).   Spectra were recorded of samples in 10 mM sodium phosphate buffer, 
containing 0.1 mM EDTA at pH = 7.0 at 4°C. The strand concentration is 5.0 M.  Adapted from 
(Sarkar et al. 1996).  
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Figure 2.6: NMR pulse programs used for exchangeable proton assignment and assesment 
of ribose pucker in structural study of ID3 and ID3-IBS1 complex. (A.) ES-NOESY pulse 
sequence  features two gradient echoes.  Thin vertical lines are 90 pulses; thicker lines represent 
180 pulses.  Shaped pulses are 180 pulses selective for water (Callihan et al. 1996b).  (B.) 
COSYdfphpr pulse program (DQF-COSY).  All pulses are 90 and are on 1H.  The pulse sequence 
cartoon adapted from the Bruker pulse program catalogue. 
  

A. 

B. 
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Figure 2.7: Gradient Sensitivity-Enhanced 13C-HSQC experiment using Pulsed Field 
Gradients.   The building blocks are derived from the PEP sensitivity-enhanced scheme (Palmer et 
al. 1991), which was used in conjunction with echo/antiecho gradient coherence selection by(Kay 
1992).  Thin vertical lines are 90 pulses; thicker lines represent 180 pulses.  Shaped pulses are used 
for inversion of 13C.  represents the length of the gradients. Delay d4 is set to 1/(4JCH).   is the 
length of the duration of the gradient.  The final data are transformed by the TPPI method (Marion 
and Wuthrich 1983).  The pulse program diagram was adapted from the Bruker pulse program 
library. 
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Figure 2.8: 2D Phase Sensitive 15N-HSQC pulse sequence using Pulsed Field Gradients for 

coherence Selection Thin vertical lines are 90 pulses; thicker lines represent 180 pulses.   
represents the length of the gradients. d26 delay is set to 1/(4JNH). 15N decoupling during 1H data 
acquisition was accomplished with a 15N GARP decoupling scheme (Shaka et al. 1985).  Quadrature 
detection in F1 dimension is achieved by the echo/antiecho gradient coherence selection.  The pulse 
program diagram was adapted from the Bruker pulse program library. 
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Figure 2.9: Constant time (CT)-HSQC pulse program. Narrow and wide lines denote 90° and 
180° pulses, respectively.  All pulses on carbon, with the exception of the 180° sp3 refocusing pulse 
and the shaped carbonyl pulses, are high power.  Power of the 13C refocusing pulse was adjusted to 
cause zero excitation of the carbonyl carbons.  Carbonyl 180° decoupling pulses are applied 20.0 
kHz downfield from the 13C carrier and implemented as phase-modulated pulses with and amplitude 
profile corresponding to the center lobe of a sinc function.  The second shaped 180° carbonyl pulse, 
prior to the reverse INEPT sequence, refocuses 13C evolution caused by the off-resonance effects of 
the first 180° carbonyl pulse-Bloch-Siegert effect (Freeman 1988).  p28 denotes a spin-lock pulse to 
suppress the residual HDO resonance (Messerle et al. 1989).  Unless indicated otherwise, all pulses 
are applied along the x-axis.  The constant time 2T of the experiment was set to 13.3 ms, resulting in 
optimal refocusing for carbon-carbon coupling.  13C decoupling during the 1H data acquisition was 
accomplished with a 13C GARP decoupling scheme (Shaka et al. 1985). The pulse program diagram 
was adapted from the Bruker pulse program library.   
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Figure 2.10: Gradient Sensitivity-Enhanced based 13C HMQC pulse sequence(Palmer et al. 
1991) The thin and thick vertical bars represent 90° and 180° pulses applied to the 1H or 13C spins.  
All 180° pulses in the sequences are applied along the y axis.  The delay d2 is l/(4/JHC). Decoupling 
of the 13C spins is accomplished using the GARP decoupling  scheme (Shaka et al. 1985). The pulse 
program diagram was adapted from the Bruker pulse library.  
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Figure 2.11: Pulse scheme of the Gradient-Enhanced HCCH-TOCSY experiment. Narrow 
and wide pulses correspond to flip angles of 90° and 180°, respectively.  The two 13C′ pulses are 180° 
pulses with a shape profile given by a 180° element of the SEDUCE (Mccoy and Mueller 1992) 
decoupling scheme.  All of the pulses in the DIPSI sequence are applied along ±y.  The 13C carrier is 
positioned at 43 ppm.  The 13C′ 180° pulses are applied as phase-modulated pulses.  Carbon 
decoupling during acquisition is achieved using the GARP decoupling sequence (Shaka et al. 1985).  
The application of the 13C pulses at field strength of ~18 kHz minimizes off-resonance effects 
(Sattler et al. 1995).  The pulse program diagram was adapted from the Bruker pulse library. 
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Figure 2.12:  Pulse sequence for the 3D TROSY relayed HCCH-COSY experiment.  Narrow 
and wide bars represent 90° and 180° pulses. Band-selective E-BURP-2 pulses (Geen and Freeman 
1991) are applied to suppress H6/C6 crosspeaks from uracil and cytidine bases. The second pulse 
(BSP) is applied to compensate for Bloch–Siegert phase shifts (Freeman 1988). Sine-shaped pulsed 
field gradients were applied.  Quadrature detection in the F1 dimension is achieved the States-TPPI 
method and in F2 by echo/antiecho coherence selection, by recording a second FID for each t2 
point with  = y and simultaneously inverting gradients g5.  Adapted from  (Simon et al. 2001). 
  



77 
 

 

 

 

 

 

 

 

 

 

 

 
Figure  2.13:  Pulse Sequence for the quantitative HNN-COSY experiment. Pulse sequence of 
the quantitative JNN HNN-COSY experiment. Narrow and wide pulses correspond to flip angles of 
90° and 180°, respectively. Carrier positions are 1H2O (1H), 185 ppm (15N), and 153 ppm (13C). 
GARP decoupling was applied during the t1 period on the 13C channel.  Unless indicated, all pulses 
are applied along the x axis.  Gradients are sine-bell shaped. For the case of the U-A base pair, 
where N3 is the H-bond donor, and N1 the acceptor, magnetization transfer can be summarized as 

the following: at point a) magnetization is described by 2H3zN3y product operator; b) the part of 

magnetization that is transferred to the N1 is proportional to −4H3zN3zN1xsin(2πJNNT), and the 

part that remains on N3 is described by 2H3zN3ycos(2πJNNT); c) both terms are refocused to give 

2H3zN3y; d) imino 1H magnetization of form H3xN3  is selected by gradients G4 and G7. Adapted 

from (Dingley and Grzesiek 1998). 
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Figure 2.14: RNA structure calculation using Restrained Molecular Dynamics.   Starting 
structure contains completely randomized dihedral angles.  The final structure is reached through a 
number of restrained molecular dynamics and energy minimization steps. Adapted from (Varani et 
al. 1996). 
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Figure 2.15: Torsion-Angle Molecular Dynamics structure calcualtion parameters.   Starting 
structure is τheatedυ during the first step of molecular dynamics and subsequently allowed to cool.  
During the last two stages bond lengths and angles are allowed to relax.   An arrow indicates that the 
value of the parameter linearly increases Adapted from (Stein et al. 1997) 
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CHAPTER THREE 

3 NMR SPECTROSCOPIC STUDY OF THE U2-INTRON-U6 

SnRNA COMPLEX  

3.1 Introduction 

An RNA complex involving U2 and U6 snRNAs is capable of performing reactions similar 

to splicing performed by the spliceosome and the group II introns (Valadkhan and Manley 2001; 

Valadkhan and Manley 2003; Valadkhan et al. 2009), and is believed to be the active component of 

the spliceosome.  Conserved regions of U2 and U6 snRNAs form a network of indispensable helices 

(Figure 3.1).  Helix III is a stem postulated to involve segments of U6 snRNA upstream of the 

invariant ACAGAGA loop and U2 snRNA immediately downstream of the branch site duplex.  A 

number of genetic studies have investigated formation of Helix III and reached varying conclusions.  

Mutations in this segment of yeast U2 snRNA cause a decrease in splicing levels in vitro (McPheeters 

and Abelson 1992).  Conversely, mutations of residues in U6 snRNA in the region of Helix III cause 

no growth defects in yeast cells (Lesser and Guthrie 1993), nor splicing defects in a number of in 

vitro and cellular systems (Fabrizio and Abelson 1990; Vankan et al. 1990; Wolff et al. 1994).  

Growth defects observed in the case of mutated Helix III residues of yeast U2 snRNA are not 

reversed by the compensatory mutations in U6 snRNA but are, however, reversed by mutations in 

protein factors (Yan and Ares 1996).  Cold-sensitive mutations in yeast involving U4-U6 snRNA 

interactions are supressed by mutations in the Helix III region of U6 snRNA (Fortner et al. 1994; 

Shannon and Guthrie 1991).  The rationale is that the suppressor mutations destabilize structures of 

the U4-U6 complex that compete with formation of Helix III, arguing for the importance of Helix 

III in yeast spliceosomes. 

An in vitro splicing study in a mammalian system implicates a region of the proposed Helix 

III immediately upstream of the ACAGAGA sequence in tertiary interactions with the branch site 

and the 5′ splice site regions of the pre-mRNA (Sun and Manley 1995).  Formation of the U2-U6 

Helix III involving segments of the branch site affects the positioning of the active elements of the 

spliceosome.  The goal of our study was to analyze structural evidence for formation of Helix III in 

an in vitro protein-free system, including the possibility of interaction with the intron strand.  U6 

snRNA and intron sequences are identical in the region of the putative Helix III, and the segment of 
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U2 snRNA proposed to pair with U6 snRNA to form Helix III includes three nucleotides that are 

also complementary to the intron.  The questions addressed were: a) which pairing of the three 

available strands dominates; b) alternatively, if the three strands form a complex, is there an RNA 

triple helix in solution? 

3.2 NMR Structural Study of U2, U6 snRNAs and Intron-Involving Helix Ia, the Branch 

site and the Proposed Helix III 

The initial design for the structural study of the Helix III included the sequences of the 

invariant ACAGAGA loop, Helix Ia and the branch site duplex (Figure 3.2).  We observed pairing 

between oligomers representing U2 and U6 snRNAs, as well as the pairing of the U2 and intron 

strands, by electrophoretic mobility shift assays, but observed no formation of the three strand 

complex (Figure 3.3).  We obtained NMR spectra of the same samples to evaluate the possibility that 

the conditions of low concentration and friction/forces to which samples are subjected in gel studies 

could have contributed to the results we observed.  Analysis of  NMR spectra of the three strand 

mixture provided evidence for the U2-intron pairing (Figure 3.4).  The NOESY spectum on non-

exchangeable 1Hs showed NOEs similar to those of the branch site pairing (Figure 3.5), the 

structure of which was previously solved by the Greenbaum group (Newby and Greenbaum 2002).  

Evidence of the U2-U6 pairing was also observed in the spectum of the three-strand mixture, with 

no new resonanes observed, consistent with no three-strand interaction. 

  Nucleic acid triplexes are ubiquitous structural motifs. DNA triple helices mediate 

sequence-specific recognition by binding of single-stranded DNA to duplexes in a sequence-

dependent manner (Firulli et al. 1994; Kinniburgh et al. 1994).  RNA triples have been shown to 

form in tRNA (Kim et al. 1973; Robertus et al. 1974).  Minor grove interactions involving 2′-OH 

groups of riboses mediate formaton of RNA triplexes in the Tetrahymena Group I intron (Chastain 

and Tinoco 1992; Green and Szostak 1994; Michel et al. 1990; Szewczak et al. 1998).  An RNA base-

triple stabilizes the extrahelical conformation of the branch site adenosine in the U2-dependent 

spliceosome (Newby and Greenbaum 2002).  The catalytic core of the Oceanus Iheyensis group II 

inron contains a short major groove triple helix (Toor et al. 2008a).  In telomerase, Hoogsteen 

interactions, which involve major groove RNA triple-helices are conserved and contribute to 

catalysis by interaction of 2′-OH groups protruding from the triple-helix (Kim et al. 2008; Qiao and 

Cech 2008; Shefer et al. 2007).  A compensatory mutation that allows formation of a Hoogsteen 
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triple C―GλC+ restores the pseudoknot structure of telomerase in a pH-dependen manner, and 

partly restores function in vivo, suggesting its role in function of telomerase (Shefer et al. 2007).           

The sequences of U6 and intron strands are identical in the region of the proposed Helix III 

that is immediately upstream of the conserved ACAGAGA sequence of U6 snRNA; and have the 

potential to form two Hoogsteen base triples (U―AλU and C―GλC+).  We wanted to investigate 

if we could detect a pH-dependent formation of a short Hoogsteen triple helix (major groove 

interactions of a duplex with the Watson-Crick face of the third strand).  The U―AλU base triple 

can be detected at physiological pH (pKa of U (N3)=9.5).  However, C imino nitrogen is 

deprotonated at pH 7 (pKa (N3)=4.2). We performed NMR studies at pH 4.5 in order to determine 

if protonating a cytosine N3 had an effect on the triple-helix formation.  Resonances of imino 

protons involved in Hoogsteen pairs are readily detected by their downfield chemical shifts (14-15 

ppm) (Holland and Hoffman 1996).  We observed no downfield-shifted imino resonances in the 

spectra of the three strand mixture at pH 4.5.  We detected no evidence of additional  interactions in 

the spectra of the three strand mixture as compared to the spectra of individual duplexes, consistent 

with an absence of an RNA triple helix (Figure 3.6). 

The NMR study was complicated by our decision to investigate oligomers representing the 

native sequene, in which complementary regions of the U2 oligomer exhibited self-pairing to form a 

U2-U2 dimer, which involves residues participating in Helix Ia.  Evidence of dimer formation was 

observed under all conditions studied (Figure 3.4).  Due to the ambiguities in chemical shifts 

introduced by the U2-dimer formation, we concluded that the system was unsuitable for further 

study.  We shifted our focus to RNA sequences representing only a section of Helix III,  involving 

segments of U6 snRNA immediately upstream of the invariant ACAGAGA loop (Figure 3.7).     

The proposed Helix III borders the branch site duplex and includes portions of U2 snRNA, 

which are complementary to both the U6 snRNA and the intron of the pre-mRNA.  We therefore 

focused on testing the three strand-complex comprising fragments of U2 and U6 snRNA, 

postulated to form a longer segment of Helix III.  We investigated interactions of fragments of U2 

and U6 snRNA encompassing portions of Helix III (U6 5′ to the ACAGAGA-loop) and eliminated 

the U6 sequences downstream (3′) of the ACAGAGA loop (Helix Ia) (Figure 3.8).   
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3.3 U2-U6 snRNA Pairing: The Proposed Helix III Interactions 

3.3.1 Electrophoretic Mobility Shift Assays of the U2-U6 Helix III Samples  

Introduction. In order to determine whether U2 snRNA in this region pairs with U6 

snRNA, the intron, or both via formation of a three-strand complex, we used relative migration on 

non-denaturing gels, as well as solution NMR spectroscopy and  assessed the interactions involving 

the following RNA oligomers: 1) a fragment of U6 snRNA including 13 nucleotides 5 to the 

ACAGAGA sequence and the first three nucleotides (ACA) of the internal loop; 2) a segment of U2 

snRNA (15 nucleotides) including nucleotides pairing with the intronχs branch site sequence and 

nucleotides 3′ to it; and 3) a nine-nucleotide intron strand that included the branch site sequence and 

two nucleotides 5′ to the branch site sequence.  Two G-C pairs were added to the ends of helices 

involving the U2 oligomer in order to promote pairing with respective U6 and intron targets.  The 

two C nucleotides were included at the 5′ end of the U6 strand and the 3′ end of the intron strand 

(Figure 3.8).  In both cases, the added nucleotides were at the ends of helices and not in the vicinity 

of the sequences that were studied. Sequences of the strands used in this study are those found in 

both yeast and humans. 

Results.   First, equimolar amounts of RNA oligomers were combined and their mobility on 

non-denaturing polyacrylamide gels was compared with that of individual strands (Figure 3.9).  

Individual strands migrated at rates consistent with their relative lengths.  A single band in each case 

was taken as evidence for single conformation under the conditions examined.  A 1:1 mixture of the 

U2 snRNA and intron strands, and of the U2- and U6 snRNA strands, each formed a single band 

migrating at a slower rate, consistent with formation of duplexes.  The slowest migrating band was 

observed in the lane containing a stoichiometric mixture of all three strands, indicating formation of 

a U2-U6-intron complex.  No self-pairing, which plagued the previous study, was detected with the 

oligomers designed for the study of the proposed Helix III.   

3.3.2 NMR Assignment of the Exchangeable Protons   

Introduction.   The goal of these experiments was to test whether the pairing of the U2 

fragment and an intron segment that included a longer portion of helix III: a) interact with U6 

snRNA in solution, which also contains a longer sequence of helix III, and b) provide structural 

information about the U2-U6-intron pairing.  Standard homonuclear spectroscopic methods were 

employed for the assignment of the chemical shifts of exchangeable 1H.  1H spectra were collected 

under a variety of pH and ionic conditions.  1D proton and 2D NOESY spectra of exchangeable 
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protons were collected with mixing times of 120 and 200 ms using a jump-return echo water 

suppression sequence (Sklenar and Bax 1987b).   We identified residues involved in Watson-Crick 

pairing vs. non-canonical pairing based on the chemical shift of their imino protons (Figure 3.10).  

We distinguished resonances belonging to A-U from G-C base pairs by the imino-amino 1H NOE 

patterns observed in the spectra of exchangeable protons and made specific assignments of 

resonances based on the patterns of sequential imino-imino and imino-amino NOEs (Figures 3.11, 

3.12).     

The U2-intron duplex.   We observed eight sharp imino resonances between 12-14 ppm in 

the spectra of exchangeable protons the U2-intron duplex, consistent with eight imino Watson-Crick 

base pairs (Figure 3.11).  The patterns observed in the imino-amino regions of the spectra suggested 

that those resonances were of imino protons of 4 Us and 4 Gs.  The resonances were assigned to 

G5, G6, G8, U9, U11, G17, U19 and U22, consistent with their involvement in sequential Watson-

Crick base pairs.  All anticipated imino 1H of the U2-intron duplex were observed, including the 

terminal base pairs, suggesting a stable pairing of the U2-intron in solution.   

The U2-U6 pairing.   In 1D spectra of exchangeable protons of the U2-U6 pairing, we 

observed six sharp resonances as well as three broad imino resonances.  The chemical shift range of 

observed resonances was between 12-14 ppm, indicative of imino 1Hs involved in Watson-Crick 

base pairs (Figure 3.12).  2D NOESY spectra showed the imino-imino and imino-amino NOEs, 

identifying resonances as four uridine and five guanosine imino 1Hs involved in Watson-Crick 

pairing.  The resonances were assigned to imino protons of G8, U9, G18, G19, G39 and U46. One 

of the three broad resonances was identified as the imino 1H of a guanosine residue, based on the 

imino-amino NOE pattern; and it was assigned to the imino 1H of G14 because all other G imino 

proton resonances were already unambiguously assigned.  The narrower of the two broad 

resonances was assigned to the imino 1H of U4, based on its NOE to an amino proton of G39.  The 

broader of the two resonances could be that of an imino 1H of U5 or U11, because it was not 

detected in the 2D NOESY spectra, and because the imino protons of these probable base-pairs 

were the only two imino 1Hs that were unassigned.  Therefore, this assignment was left as an 

ambiguous assignment.   

These data are fully consistent with formation of nine base pairs.   Eight of the nine base 

pairs were unambiguously assigned, which introduced a single base pair ambiguity regarding the 

length of stems in the U2-U6 pairing.  Three and six Watson-Crick base pairs are formed at the 5′- 

and 3′ end of the U2-U6 duplex, respectively (directionality is defined relative to that of the U2 
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strand).  Alternatively, four and five base-pairs form at the 5′- and 3′ ends of the U2-U6 duplex, 

respectively. 

The U2-U6-intron complex.   2D NOESY spectra of exchangeable 1Hs of the U2-U6-

intron complex displayed ten sharp imino resonances, as well as two broad resonances in the imino 

region.  Eight of the imino resonances were attributed to the U2-intron duplex, based on identical 

imino-imino and imino-amino NOE patterns.  Four resonances and their NOEs that were 

attributed to the U2-U6 pairing remain unchanged in the spectra of the three-strand complex.  The 

four unchanged resonances and their NOEs involve imino 1H of U16, G18, G19 and G39, located 

at the upstream end of Helix III (i.e. with respect to the orientation of the U6 strand).  We therefore 

observed evidence of only four base pairs of the U2-U6 pairing in the NMR spectra of the three-

strand complex, involving imino protons belonging to U16, G18, G19 and G39 of U2 and U6, 

respectively.  No new resonances are detected in the spectra of the three-strand complex (Figure 

3.13).  Interestingly, the imino 1H resonance of U11 in the spectrum of the U2-intron-U6 complex 

resonates 0.1 ppm downfield as compared to its location in the spectrum of the U2-intron duplex, 

suggesting less shielding.  However, the imino-AH2 as well as imino-amino NOEs of U11 remain 

unchanged in the context of the U2-U6-intron complex as compared to the U2-intron, suggesting a 

slight change in the local helical parameters, but no major structural change. This observation 

suggests that pairing of the U6 strand to the U2-intron duplex affects the terminal pair of the U2-

intron duplex immediately adjacent to the U2-U6 pairing, which is not surprising.  Taken together, 

no structural change involving formation of new tertiary interactions is observed in the spectra of 

the U2-intron-U6 complex, consistent with the absence of the proposed Helix III in the three-strand 

complex.   

We detect no evidence of an RNA triple helix in the three-strand complex.  Specifically, no 

new interactions are observed in the regions of U2 that have the potential to interact with both, the 

intron and the U6 strand, suggesting that U2-intron interaction dominates in U2-U6-intron complex.  

In essence, the intron strand pairs with U2 snRNA causing the U6 snRNA to dissociate in the area 

of the putative Helix III.   

3.3.3 Conclusions 

A number of genetic studies have investigated the formation of the U2-U6 Helix III in 

several systems and with varying conclusions.  Here we use a structural approach to investigate 

formation of Helix III in solution.  We use the yeast sequence, which is identical to the human 

sequences in the regions studied, thus providing a general model for study. 
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NMR data in this protein-free system show a clear pairing between the segments of U2, U6 

and intron strands, with no evidence of triple helical behavior in the region of Helix III.  The lack of 

interaction between the U2 and U6 strands in the area of the proposed Helix III in the presence of 

the branch site sequence suggests that the proposed triple helix does not form under the tested 

conditions.  

The results of mutational studies by Manley and coworkers (Sun and Manley 1995) appear to 

be consistent with formation of the U2-branch site and the U6-5′-splice site intron helices.  Both, 

Sun and Manleyχs and our data are consistent with an absence of the U2-U6 interaction immediately 

upstream of the invariant ACAGAGA sequence of U6 snRNA.  This finding suggests that 

interactions with other factors may be necessary for bringing of the active elements into proximity.      

The τunzippingυ of U2-U6 Helix III resulting from the addition of the intron strand, 

suggests that the portion of the U2-U6 Helix III studied here does not form in this protein-free 

system.  The addition of the branch site intron to the U2-U6 duplex results in τopeningυ of Helix 

III.  Our findings are consistent with a model in which the U2 strand interact with the branch site 

intron to form the branch site helix and the U6 interacts with the 5′ splice site (Kandels-Lewis and 

Seraphin 1993).  This model is consistent with the results of studies by Ryan et al. who show that the 

active components are brought together by forming a number of secondary and tertiary interactions 

with distal segments of the U2-U6 complex (Ryan et al. 2004).   

The free segments of U2 and U6 has also been shown to interact with other RNA sites, such 

as in U2- and U6-dependent interaction of the 5 splice site with the U5 snRNA in yeast extracts 

(McGrail et al. 2006), and protein components of the yeast spliceosome (Yan and Ares 1996).  This 

finding underscores the varied and dynamic nature of the interactions necessary for spliceosomal 

activity. 
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Figure 3.1:  RNA component of the active site of the yeast spliecoeome The U2-U6-intron 
pairing comprises helices II, Ia and Ib, the intramolecular stemloop (ISL); and the proposed helix 
III.  Metal ion binding sites are marked with asterisks.  The region studied in the first part of this 
dissertatin is marked by the oval and inolves the U2 and U6 snRNAs and pre-mRNA intron.  
Regions of U2 and U6 snRNAs studies form a conserved Helix Ia and the proposed Helix III.  The 
pre-mRNA interacts with the U2 snRNA to form the branch site duplex. 
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Figure 3.2:  RNA sequences used for spectroscopic study of U2 and U6 snRNA and intron 
pairing U2-U6-intron pairing comprises the conserved helix Ia, the branch site helix and the 
proposed helix III.  The effects of the branch site fuplex on helix III formation were studied using 
sequences shown.  All sequences used are native Saccharomyces cerevisiae sequences. 
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Figure 3.3:  Gel mobility shift assays of U2-intron-U6 pairings Non-denaturing PAGE (15%) was 
performed at 4°C. ~190 pmol of each strand were mixed in equimolar proportions.  The final 
concentration of each strand was ~ 30 M.  The gel was stained with Nuclistain®.  Lanes 1, 3 and 7 contain 
individual oligomers.  The bands in lanes of the intron, as well as U6 strands migrated according to their 
relative lengths. The band in the lane of the U2 strand migrated slowly compared to the band in the lane of 
the U6 strand and similarly to the band in the lane of the U2-U6 duplex, consistent with the formation of a 
dimer.  A single band in each case was taken as evidence for absence of multiple conformations under the 
conditions examined.  Lanes 2, 4-6 contained a combination of U2, U6 and intron oligomers.  We 
observed single bands in lanes of U2-intron and U2-U6, which was taken as evidence for single 
conformation of the duplexes.  Interestingly, the mobility of the U2-U6 band was higher than that of the 
U2-intron, consistent with U2-intron duplex forming a dimer.  The lane containing U2, U6 and intron 
strands showed two bands.  The slower of the bands co-migrated with the U2-intron, and the faster one 
with the U6 strand, consistent with absence of pairing of the U6 strand and the U2-intron duplex.  Since 
we could not quantify individual bands we could not confirm the amount of U6 that ran alone in lane 5 
and thus exclude the possibility that some of the U6 strand did bind to the U2-intron duplex.     
 



90 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4:  Imino 1H region of exchangeable resonances of U2-intron-U6 duplexes:  (a) U2-
intron duplex, (b) U2-intron-U6, (c) U2-U6 duplex, and (d) U2-U2 dimer. Resonances marked in red 
in (a) are identical to the original BP (Newby and Greenbaum 2002).  The spectrum of the three 
strand sample contains all resonances observed in individual U2-intron and U2-U6 spectra, with no 
new resonances observed.  This finding is consistent with the absence of formation of a three strand 
complex. 
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Figure 3.5:  Figure 8: Base-H1′ region of 1H-1H NOESY spectrum of U2-intron.  Sequential 
aromatic-anomeric (H8/6-H1)′ assignments are shown.  Chemical shifts of the U2-intron NOESY 

correspond to BP NOESY spectrum (Newby and Greenbaum 2001). Spectra were acquired on a 
1mM RNA in 10mM Na phosphate, pH 6.4, 100 NaCl on a 600 MHz Varian Unity Plus 
spectrometer at the National High Magnetic Field Laboratory, at 350 ms mixing time, acquired with 
64 scans and 512 increments. 
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Figure 3.6:  Imino 1H region of exchangeable resonances of a U2-intron-U6 three-strand 
sample at pH 4.5.    Spectrum was acquired on a 0.5 mM RNA in 10mM Na phosphate, pH 4.5, 
4°C  on a 600 MHz Varian Unity Plus spectrometer at the National High Magnetic Field Laboratory 
with 64 scans.  At pH 4.5 we observed 6 NH3, which was previously only observed at supercooled 
temperatures (Schroeder et al. 2005).  Interestingly, spectra of exchangeable protons of this sample 
in water (i.e. without phosphate buffer) also show the Watson-Crick imino proton of 6 (data not 
shown).  
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Figure 3.7:  RNA component of the active site of the yeast spliecoeome. The U2-U6-intron 
pairing comprises helices II, Ia and Ib, the intramolecular stemloop (ISL); and the proposed helix 
III.  Metal ion binding sites are marked with asterisks.  The region studied in the first part of this 
dissertatin is marked by the grey oval and inolves the U2 and U6 snRNAs and pre-mRNA intron.  
Regions of U2 and U6 snRNAs studied in the latter part of Chapter 3 are marked by the red oval.  
The sections of U2 and U6 snRNAs that are studied here, form the proposed Helix III.   
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Figure 3.8:  RNA Sequences used for spectroscopic study of U2 and U6 snRNA and Intron 
pairing. In order to determine whether U2 snRNA in this region pairs with U6 snRNA, the intron, 
or both via formation of a triple helix, we used oligomers: 1) a fragment of U6 snRNA including 13 
nucleotides 5 to the ACAGAGA sequence as well as the first three nucleotides (ACA) of the 
internal loop; 2) a segment of U2 snRNA (15 nucleotides) including nucleotides pairing with the 
intronχs branch site sequence and nucleotides 3′ to it; and 3) a nine-nucleotide intron strand that 
included the branch site sequence and two nucleotides 5′ to the branch site sequence.  Two G-C 
pairs were added to the ends of helices involving the U2 oligomer, in order to promote pairing with 
respective U6 and intron targets.  The two C nucleotides were included at the 5′ end of the U6 
strand and the 3′ end of the intron strand.  Region of the proposed Helix III is identical in yeast and 
human sequences.  
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Figure 3.9:  Gel mobility shift assays of the U2-U6-intron Helix III constructs. Non-
denaturing PAGE (15%) was performed at 4°C.  The gel was stained with SybrGold®.  Non-
denaturing gel shows stoichiometric pairing of U2, U6 and intron oligomers.  Single bands in each 
lane correspond to stable base pairing formed in case of each pairing.  Lane 1-3 were loaded with 
U2, U6 and intron strands, respectively.  The fourth lane contained U2-intron duplex, whereas lane 
five had U2-U6 duplex in it.  Lane six shows stable base pairing of U2-U6-intron duplex.  The 
respective mobilities in each lane are consistent with the relative size of RNAs loaded into each lane.  
Single band in each lane is taken as evidence of single conformation of each sample. 
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Figure 3.10:  Imino 1H region of 1D spectra of exchangeable 1Hs, extended Helix III study.  
 a) U2-intron duplex, (b) U2-U6 duplex, (c) U2-intron-U6 complex.  Eight imino resonances 
observed in the spectra of the U2-intron are also observed in the spectrum of the U2-intron-U6 
consistent with unperturbed U2-intron pairing in the complex.  Only four imino resonance of the 
U2-U6 duplex are observed in the spectra of the U2-intron-U6 complex; three terminal G-C base 
pairs that were added to stabilize U2-U6 interaction and the adjacent A-U base pair are detected in 
the spectra of the three strand complex.  These data suggest that U6 does not interact with U2-
intron in the vicinity of the proposed Helix III.   
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Figure 3.11:  Imino-imino and imino-amino 1H region of 2D NOESY spectra of 

exchangeable resonances of U2-intron duplex.  Solution NMR spectra of exchangeable protons 
of the U2-intron duplex showed NOE patterns of imino and amino protons indicating sequential 
stacking interactions associated with formation of eight base pairs of the U2-intron duplex. Spectra 
were acquired on a 1mM RNA in 10 mM NaPi, pH 6.4, 50 NaCl on a 600 MHz Varian Unity Plus 
spectrometer at the National High Magnetic Field Laboratory, at 200 ms mixing time, with 64 scans 
and 512 increments.   
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Figure 3.12:  Imino-imino and imino-amino 1H region of 2D NOESY spectra of 
exchangeable 1Hs of the U2-U6 duplex. Solution NMR spectra of exchangeable protons of the 
U2-U6 duplex showed NOE patterns of imino and amino protons indicating continuous stacking 
interactions consistent with formation of base stacking interactions involving nine base pairs, which 
are interrupted by an asymmetric internal loop and a single A-bulge. Spectra were acquired on a        
1 mM RNA in 10 mM NaPi, pH 6.4, 50 NaCl, with 64 scans and 512 increments. 
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Figure 3.13:  Imino-imino 1H NOEs in a 2D NOESY Spectrum of Exchangeable 1Hs of the 
U2-intron-U6 complex.  a) U2-intron duplex, (b) U2-U6 duplex, (c) U2-intron-U6 complex.  
Imino-imino 1H NOEs show stacking patterns involving bases of all three strands.    Eight imino 
resonances observed in the spectra of the U2-intron are also observed in the spectrum of the U2-
intron-U6.  The NOE patterns of imino protons of the U2-intron are identical to those in the 
spectra of exchangeable protons the U2-intron alone, consistent with unperturbed U2-intron pairing 
in the complex.  Only four of the imino resonance of the U2-U6 duplex are observed in the spectra 
of the U2-intron-U6 complex, three terminal G-C base pairs that were added to stabilize U2-U6 
interaction and an A-U base pair adjacent.  These data suggest that U6 does not interact with U2-
itnron in the vicinity of the proposed Helix III.  Only U2 and intron base pairing is detected in the 
vicinity of the proposed triple helix suggesting  that an RNA triple helix is not formed in the context 
of RNA strands studied.   
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CHAPTER FOUR 

4 STRUCTURAL STUDIES OF THE aI5γ GROUP II INTRON      

ID3 STEM LOOP AND THE ID3-IBS1 COMPLEX       

4.1 Introduction 

Accurate selection and positioning of splice sites is essential for splicing activity and thus for 

cell survival.  Group II introns, large ribozymes and mobile genetic elements found in prokaryotes 

and eukaryotic organelles, share common structural and catalytic features with spliceosomes in 

eukaryotes.  A loop element of the spliceosomal U5 snRNA (Loop 1) specifically recognizes the 5′ 

splice site before the first step (Wyatt et al. 1992) and both the 5′ and 3′ splice sites before the 

second step of splicing (O'Keefe and Newman 1998).  The ID3 stemloop of Domain 1 in  group II 

introns is a functional analogue of the Loop 1 of the spliceosomal U5 snRNA (Hetzer et al. 1997).  

ID3 is essential for tethering the two exons during the forward splicing reaction  (Costa et al. 2000; 

de Lencastre et al. 2005; Jacquier and Michel 1987; Su et al. 2001), as well as recognition of the splice 

site associated with reverse splicing of mobile group II introns (Mohr et al. 2000).  The 11-

nucleotide ID3 loop contains Exon Binding Sequence 1 (EBS1) that forms six Watson-Crick base 

pairs and a G•U wobble pair with the Intron Binding Sequence 1 (IBS1) immediately upstream of 

the 5′ splice site.  The ai5  group II intron is located within the mitochondrial COX I gene in 

Saccharomyces cerevisiae.  The RNA oligomer that represents the ID3 stemloop in studies described 

here comprises 23 nucleotides, which form a 6-base-pair stem and an 11-nucleotide loop.   

We investigated the effects of the ID3 stemloop structure on the EBS1-IBS1 pairing (see 

Figure 4.1).  A question we addressed was whether the large 11-nucleotide loop forms a stable 

structure.  We tested whether the EBS1-IBS1 pairing forms in solution and what structural changes 

of the ID3 loop accompany the formation of EBS1-IBS1 pairing.  We wanted to determine the 

effect of ID3 structure on the availability of bases of the EBS1 for base pairing.      

Samples were prepared as described in Materials and Methods.  Homonuclear and 

heteronuclear spectroscopic methods were utilized for spectral assignment.  31P spectroscopy was 

used to assess the backbone conformational features of the ID3 stemloop qualitatively.  NMR 

spectra were collected under a variety of ionic conditions and temperatures. 
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4.2 Gel-Mobility Shift Assays 

In order to confirm a single conformation of the ID3 stem loop and to test the pairing with 

the IBS1 target, we performed non-denaturing polyacrylamide gel electrophoresis (PAGE).  

Stoichiometric (1:1) amounts of the ID3 strand and the IBS1 target were mixed and folded as 

described in Materials and Methods, loaded onto the gel and subjected to electrophoresis.  RNA 

bands were visualized by staining with Nuclistain® and the pairing was assayed based on relative 

mobility of bands with respect to individual components.     

Single bands were observed in all lanes on non-denaturing gels stained with Nuclistain® (see 

Figure 4.2).  The band with the highest mobility was identified to be the target (10 nt) and a slower-

migrating band was observed in the lane of ID3 (23 nt).  The slowest of the bands was detected in 

the lane containing ID3 and IBS1 oligomers, consistent with formation of a larger complex. The 

mobility of the band in the lane of the ID3 stemloop was comparable to the mobility of a band of a 

control hairpin stem loop sample, a 27 nucleotide ID3 stem loop from of the mitochondrial bI1 

group II intron, which forms both a monomer and a dimer.    Based on this information, we 

concluded that the ID3 sample forms a hairpin stem loop under these conditions and not a dimer.  

There was no evidence of unpaired ID3 or the target on non-denaturing gels.  Single bands in all 

lanes were taken as evidence of single conformations of all molecules studied.  Taken together, these 

data suggest that ID3 and IBS1 interact in solution and form a stoichiometric pairing. 

4.3 Qualitative Structure Comparison: Circular Dichroism Studies of the ID3 Stem Loop 

and the ID3-IBS1 Complex 

In order to assess secondary structure characteristics of ID3 and changes upon addition of 

magnesium ions (Mg2+) and the IBS1 target, circular dichroism (CD) studies were performed.  CD 

spectra of ID3 stem loop (Figure 4.3)  display a large negative ellipticity at 210 nm and a positive one 

at 268 nm, which are typical of an A-form RNA helix (Bloomfield et al. 2000 -a), with a positive 

shoulder at 280 nm consistent with presence of a single/unstructured stranded region, as previously 

observed (Kruschel and Sigel 2008).  

Addition of magnesium ions (Mg2+) to the ID3 stem loop resulted in an increase in the 

intensity of the band at 268 nm, consistent with increased base stacking  and structuring of the ID3 

stem loop in the presence of Mg2+.  The spectrum of the ID3-IBS1 complex exhibits an increase in 

the positive ellipticity at 268 nm as compared to the spectrum of the ID3 alone, as well as a decrease 

of the shoulder at 280 nm, consistent with formation of additional helical structure.  Addition of 
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Mg2+ to the ID3-IBS1 complex does not cause spectral changes, suggesting that Mg2+ does not cause 

major stacking or backbone conformational changes of the ID3-IBS1 complex.   

Taken, together these data suggest that ID3 interacts with the IBS1 target in solution and 

that magnesium ions are not required for formation of the complex.  Addition of Mg2+ to the ID3 

stem loop results in stabilization of secondary structure.  The increase of the positive ellipticity at 

268 nm, as well as the decrease of the shoulder at 280 nm in the spectra of the complex are 

conclusive evidence of new structure formation in the ID3-IBS1 complex.     

4.4 NMR Spectroscopic Studies of the ID3 Stem Loop 

4.4.1 Assignments of the Exchangeable Protons of the ID3 Stem Loop 

Base pairing patterns were established through NOE-based spectroscopy performed at 4°C.  

An excitation-sculpting water suppression sequence (Callihan et al. 1996b) with 120 and 200 ms 

mixing times was used to acquire spectra of exchangeable protons.  Individual residues were 

classified as involved in Watson-Crick pairing vs. non-canonical pairing based on the chemical shift 

of their imino 1Hs. We distinguished resonances belonging to A-U from G-C base pairs by the 

imino-amino NOE patterns observed in the spectra of exchangeable protons and made specific 

assignments of resonances based on imino-imino and imino-amino NOE patterns. 

1D 1H spectra displayed five sharp lines resonating between 12-14 ppm, suggesting the 

involvement of those imino protons in Watson-Crick base pairs.  The one imino resonance at 13.8 

ppm was identified as belonging to a U residue.  The four remaining imino resonances (12.52, 12.93, 

13.27 and 12.79 ppm) were identified as belonging to imino protons of guanosines involved in 

Watson-Crick base pairing.   We observed two sharp and two broad imino 1H resonances between 

11-12 ppm, suggestive of imino protons involved in non-canonical base pairs or otherwise protected 

from fast exchange.  The two upfield-shifted imino resonances were identified to belong to a G and 

a U imino protons, involved in a G•U wobble pair (10.99 and 12.05 ppm, respectively).  Analysis of 

NOE cross peaks of 2D NOESY spectra (Figure 4.4) involving imino-imino and imino-amino 1Hs 

allowed base specific assignments.    The downfield amino resonances (7.9-9.0 ppm) were assigned 

to hydrogen-bonded amino 1Hs, and the upfield resonances (6.4-7.0 ppm) were assigned to the non-

hydrogen bonded amino protons.   

The imino proton resonances were identified based on their 15N chemical shifts by recording 
15N-HSQC spectra (see Figure 4.5) of a uniformly 13C/15N-labeled ID3 stemloop, in which 1H-15N 

correlations were observed.  The imino 15N resonances of uridines resonates about 10-15 ppm 
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downfield of the imino 15N of guanosine, providing for unambiguous identification of the two.  We 

observed two 1H-15N correlations between 157-162 ppm, consistent with their assignment to imino 

protons of uridines.  The chemical shifts of two 1Hs  (13.77 and 12.05 ppm) suggested that the 

former was involved in a Watson-Crick base pair and the latter in a non-canonical base pair.  The 
15N chemical shifts of the remaining four cross peaks fell between 144-149, consistent with their 

assignment to imino 1Hs of guanosines; their 1H chemical shifts were consistent with their 

assignment to three guanosine imino protons involved in Watson-Crick base pairs (12.93, 13.27 and 

12.79 ppm) and a non-canonical base pair (10.99 ppm).       

Imino-imino NOE patterns in 2D NOESY spectra were analyzed.  The two upfield-shifted 

resonances showed a strong imino-imino 1H cross peak and lack of imino-amino cross peaks 

suggesting involvement in a G•U wobble pair (10.99 and 12.05 ppm, respectively).  The sequential 

NOE connectivities observed for the imino proton resonances of G2, G3, U4, G5, and G18 

residues indicated that they were involved in stacked base pairs, forming the stem of ID3 stem loop.  

These nucleotides also showed all NOEs expected for a standard A-form RNA helix such as imino-

amino NOEs between the imino 1Hs of G/U residues and amino 1Hs of their base pairing partners.  

We also observed a very weak resonance peak at 12.52 ppm in 1D and 2D spectra, and no NOEs.  

We assigned it to the imino proton of G1 because all other imino proton resonances were 

unambiguously assigned and because the low intensity and broadness are consistent with resonances 

of imino protons involved in stem-closing pairs.  We did not detect NOEs of the two broad imino 

resonances observed in the upfield region of 1D spectra in 2D NOESY spectra.  Because all of the 

stem imino resonances were assigned, we attributed the two broad resonances to two imino residues 

located within the loop.  The rapid exchange of those imino protons with bulk water results in broad 

line shapes that could not be detected in the 2D NOESY spectra.  We did not observe any of the 

exchangeable protons of loop residues due to fast exchange with the solvent at any of the 

temperatures tested (0-4°C), even though all spectra were acquired in the absence of phosphate 

buffer.      

The assignments of base pairs in the stem of a fully labeled ID3 were confirmed by detecting 

through-bond coherence transfer in an HNN-COSY spectrum (see Figure 4.5) (Dingley and 

Grzesiek 1998) of the uniformly 13C/15N-labeled ID3 molecule.  Hydrogen bonds between the 

imino nitrogens (15N) were directly observed by detection of JNN scalar couplings, which have a value 

of ~7 Hz.  Six direct correlations were observed at the chemical shifts of imino 1Hs and 15Ns of G2, 

G3, U4, G5, U6 and G18 residues, as well as cross-H-bond correlations of imino 1Hs to the imino 
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15N of the residues C22, C21, A20 and C21, respectively, to which the imino protons were 

hydrogen-bonded, confirming the initial assignments of stem imino protons.  As expected, we did 

not observe correlations between the imino 1H of U6 and G18 and their hydrogen bonding partners, 

because they are oxygen atoms.  We confirmed formation of identical base pairs in the stem of the 

labeled molecule as in the unlabeled one by the use of this method.  

4.5 Assignment of Non-Exchangeable Protons of the ID3 Stem Loop 

Assignments of non-exchangeable protons were accomplished through standard 

homonuclear and heteronuclear methods, reviewed in (Wijmenga and van Buuren 1998), (for the list 

of assignment see Table 4.1).  H5 and H6 resonances of pyrimidines were assigned by detection of 

characteristic cross peaks in TOCSY spectra.  Base specific assignments of aromatic H8/H2 protons 

were made by analyzing 13C HSQC spectra of the ID3 stemloop.  C8 resonates in the range of 131- 

138 ppm, whereas adenine C2 resonates downfield from remaining aromatic carbons, around 154 

ppm.  Assignments of U/C H6 protons were made by observation of a splitting of C6-H6 

correlations by the 2J(C6-C5) scalar coupling.  Initial assignments of ribose H1′/C1′ were made based 

on the constant time 13C HSQC spectrum.  The constant time evolution delay for carbon was set to 

1/JCC, which results in opposite phases for the C1′, C5′ and C2′, C3′ and C4′.  Adenine H2 

assignments of A20, A7 and A17 residues were made by correlating H2 and H8 resonances by using 

a TROSY relayed HCCH-COSY pulse sequence (Simon et al. 2001). 

Several areas of chemical shift overlap in the stem that could not be resolved by application 

of any of the conditions studied.  To overcome ambiguities in assignments, a short duplex 

representing ID3 stem was used in the NMR study.  Reduced spectral overlap and narrower lines in 

the short duplex allowed unambiguous assignment of stem residues and by subtraction the 

assignment of resonances in the loop.  We collected natural abundance 1H-13C HMQC (Palmer et al. 

1991) and constant time HSQC spectra (Vuister and Bax 1992).  We assigned the aromatic and 

anomeric 1Hs and 13Cs of the ID3 stem for the short duplex.  By comparison of the spectra of the 

short duplex and ID3, we were able to complete assignments of the stem residues of the ID3 

stemloop and therefore the complete ID3 molecule. 

Regions of uninterrupted H1′-H6/8 connectivities in NOESY spectra allowed an aromatic-

anomeric proton τwalkυ that facilitated specific assignment of aromatic H6/8 and ribose H1′ 

protons in the ID3 stemloop in a spectrum acquired with a mixing time of 350 ms (Figure 4.7).  We 

collected spectra at shorter mixing times (50, 150, 250 ms).  NOESY spectra at 50 ms mixing times 
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display strong and medium NOEs and tend to show only direct NOE magnetization transfer, 

whereas spin diffusion is at a minimum. Spectra were collected at longer mixing times, 550, 1500 

and 2500 ms, in which H5-H6 NOEs have decreased in intensity, in order to resolve spectral 

overlap and assign H2 resonances unambiguously, because the NOEs involving the latter build up 

relatively slowly.  The single strong A20 H2 resonance and its two NOEs to the H1′ of C21 and G5 

were used as a starting point for assignment of NOESY spectra.  Strong interresidue H6/8(n)-H2′(n-1) 

cross peaks typically observed in A-form helices were observed in the stem region of ID3.  

Sequential NOE connectivities involving H8/6 and H5 aromatic protons of G1 through U9 and 

A17 through C23 indicated that these bases formed continuous stacking interactions in the stem and 

up to residues U9 and G16 at the base of the loop.   

No strong interresidue NOEs were observed between loop residues 11-15.  A break in 

aromatic-anomeric τwalkυ was observed between A14 H1′ and U15 H6 at a mixing time of 150 ms, 

and was only detected at a mixing time of 350 ms.  An unusual NOE was observed between G16 

H8 and A14 H1′ in a NOESY spectrum at a mixing time of 350 ms. Only medium intensity 

intraresidue NOEs were observed between A12-14 H8 and H5′/H5′′, and no strong or medium 

base-ribose proton NOEs, suggesting atypical conformation of those residues.  G11 exhibited a very 

intense intraresidue H1′-H8 in a NOESY spectrum collected at 50 ms mixing time, indicative of a 

syn conformation.  This conclusion is supported by the typical absence of NOEs of H8/6 to ribose 

protons of bases in syn conformation.  A13/14 H1′-H8/6 NOE is very intense, but due to overlap 

could not be assigned to a single residue. An attempt was made to resolve the chemical shift 

degeneracy by modifying the temperature and ionic strength, but we did not observe significant 

changes in chemical shifts at any of the alternate conditions.   

Assignments of ribose protons were made by analysis of two- and three-dimensional, homo- 

and heteronuclear experiments.  Ribose proton resonances were initially assigned using NOESY 

spectra collected with mixing times of 50, 150, 250 and 350 ms to resolve resonance overlap.  We 

relied on standard A-form NOE patterns in the helical regions of the ID3 stem that show strong 

intraresidue  H1′-H2′ and H8/6(n)-H2′(n-1) NOEs (see Figure 4.6).  Several H1′-H2′ cross-peaks 

were observed in TOCSY spectra, consistent with riboses in non-C3′-endo conformation, which 

facilitated assignments of those ribose protons (see Figure 4.8).  Although significant spectral 

overlap in both 1H and 13C dimensions was observed, essentially complete ribose 1H assignments 

were made by analyzing the HCCH-TOCSY (Kay et al. 1993) and HCCH-COSY spectra, which 
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provide through-bond connectivities for the protons in riboses, confirming the initial assignments 

and allowing complete assignments of the homonuclear NOESY spectra (see Table 4.1).   

   Since paucity of NOEs of the residues of the loop precluded collection of a large number of 

distance restraints, long range AH2 NOEs became very important. H2-H1′(n+1) and cross-strand H2-

H1′(n-1) typical of A-form conformation were observed in A7 and A17 H2, suggestive of base 

stacking of the two adenosine bases upon the stem-closing G•U pair.  We also observed a long 

range A17H2-U9H1′, which suggested some deviation from canonical A-form parameters at the 

base of the loop.  A12, A13 and A14 H2 show very weak H2-H1′(n+1) NOEs, suggestive of atypical 

conformation of those residues.  An unusual A14 H2-A13 H1′ was observed, consistent with 

perturbed helical structure.   

A TROSY-based relayed HCCH-COSY experiment (Simon et al. 2001) is generally very useful 

for chemical shift assignment of H2 resonances in non-canonical regions of RNA structure, but was 

of limited use in the case of the ID3 stemloop.  The experiment correlates the C8 and C2 aromatic 

carbons of adenosines with C4, C5 and C6 nuclei via long range interactions, giving rise to diagonal, 

cross, and relayed cross peaks, where diagonal and relayed cross peaks have opposite sign from the 

cross peaks. The problem arises when a multiple 13Cs chemical shift degeneracy is present, as was 

the case for A12, A13 and A14 residues, which are in the non-canonical regions of RNA structure.  

The chemical shift dispersion of C5 and C4 is, in general, extremely low (~1-2 ppm).  The chemical 

shifts of C2s and C8s of these residues were also overlapped.  Degeneracy of 13C chemical shifts, 

combined with the overlap of the H8 resonances of A13 and A14, precluded the use of the 3D 

TROSY-relayed HCCH-COSY data for assignment of H2 resonances of A12, A13 and A14.  We 

were, however, able to use this method to confirm the assignment of H8 and H2 resonances of A20, 

due to intense and well-resolved resonances of C2, C4, C5 and C8, as could be expected for A-form 

helical geometry.  This experiment was also helpful for the assignments of H2 resonance of A7 and 

A17 at the base of the loop, whose C2 and C8 chemical shifts were well resolved.   

4.6 The Conformational Heterogeneity of the ID3 Loop  

 TOCSY spectra acquired at 70 ms revealed strong H1′-H2′ and H1′-H3′ cross peaks for U8, 

U9 and U15 residues, which are consistent with C2′-endo conformation of riboses, as previously 

shown (Wijmenga et al. 1994).  We also observed H1′-H2′ correlations in a dqfCOSY spectrum of 

the U8, U9 and U15 residues, suggestive of 3JH1′-H2′ coupling constants of 7-8 Hz, consistent with 
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C2′-endo conformation for those riboses.  These results are typical of non-A-form helical regions of 

RNA structure.  

The A7, G10, G11, A12, A13, A14, G16 and A17 residues of the ID3 loop exhibit 

intermediate intensity H1′-H2′ cross peaks in TOCSY spectra at 35 and 70 ms mixing times, 

consistent with riboses in alternative conformations (non-C3′- and non-C2′-endo).  The ribose 

puckers are associated with 3JH1′-H2′ coupling constants as described by the Karplus equation 

(Wijmenga and van Buuren 1998).  Riboses in C2′-endo conformation display larger coupling 

constants (7-8 Hz), whereas riboses in C3′-endo pucker display smaller ones (1-3 Hz).  Riboses in 

alternate conformations display intermediate 3JH1′-H2′ coupling constants.  Conversely, the detection of 

intermediate intensity TOCSY cross-peaks can result from averaging of the coupling constants in 

two different conformations of riboses in dynamic equilibria.  The single H1′-H2′ cross-peak is 

observed when the time scales of flips between C3′- and C2′-endo conformations are on the order of 

or faster than milliseconds, based on the NMR chemical shift time.  The intermediate 3JH1′-H2′ 

couplings observed for the residues of the loop, combined with the broadening of the ribose H1′-

H2′ cross peaks in NOESY spectra (see Figure 4.8), suggest conformational flexibility of the riboses 

of the ID3 loop.      

We detected evidence of exchange broadening in the NOESY spectra of ID3 stem loop.  

NOESY spectra acquired at higher temperature (25°C) showed much sharper lines than spectra 

acquired at lower temperatures (0-20°C).  Broader lines are generally observed at lower temperatures 

due to increased relaxation rates caused by slower tumbling.  However, broadening observed in the 

spectra of ID3 was not uniform across all residues, but was the most detectable in 1Hs of the 

residues of the loop, specifically the EBS1 region.  The broadening was most severe in H8 1Hs of 

A12-14 residues, which cannot be detected at 4°C.  This finding is consistent with the broadened 
1Hs being in the fast conformational exchange at higher temperatures (25°C) and approaching an 

intermediate regime at lower temperatures (4°C), as previously observed in RNA (Spano and Walter 

2011; Sun et al. 2007).  The Aromatic H8 protons of bases in the loop show evidence of 

temperature dependent chemical shift changes (0.2-1.2 ppm).  H8 of A12, A13, A14 and A17 exhibit 

downfield shifts with increasing temperature, consistent with a certain degree of deshielding at 

higher temperatures.  The highest chemical shift change (Δ ) was observed in the chemical shift of 

H8 of A17, which moves downfield by 0.12 ppm with a change in temperature from 10-25°C.  

Although the stem and the base of the loop show evidence of base stacking and structure, the NOE 

patterns of the of the loop paint a picture of a dynamic and flexible loop.  Taken together with the 
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observation of broadened resonances of non-exchangeable protons in the loop due to exchange, 

these data strongly suggest that bases in the loop of ID3 are dynamic on the chemical shift time 

scale.  

4.7 Backbone Conformation of the ID3 Stemloop as Described by 31P Chemical Shifts  

We investigated the backbone conformation of the ID3 stemloop by analyzing the 31P 

chemical shifts of the stemloop in solution.  31P chemical shifts show qualitative information about 

perturbations in the RNA backbone from typical A-form helical parameters.  The chemical shift of 

phosphorous in the RNA phosphate backbone is dependent on the backbone conformation, due to 

the overlap of phosphorous 3d orbitals with phosphate oxygen 2p orbitals, which is modulated by 

the backbone dihedral angles (Gorenstein 1984). 31P resonances are observed within a narrow 

spectral envelope in A-form RNA helix of 0→-1.2 ppm (Wijmenga et al. 1993b).  Phosphorous 

resonances outside the typical region are indicative of perturbed helical parameters.  31P resonances 

are affected by relaxation effects, such as chemical shift anisotropy, which increase at higher fields, 

thus limiting the use of this method to lower field instruments. 
31P chemical shifts and H-P coupling constants are good indicators of helical parameters of 

the RNA backbone.  The current consensus regarding 31P chemical shifts as indicators of backbone 

dihedral angles is that trans conformation of either  (O3′-P-O5′-C5′) or  (C3′-O3′-P-O5′) backbone 

torsion angles leads to large downfield shifts of 31P chemical shifts (Gorenstein 1984).  Therefore, 

the absence of large downfield 31P chemical shifts is taken as evidence for the absence of trans 

conformers of  and  dihedral angles.   

1D 31P spectra of the ID3 stemloop and the ID3-IBS1 complex were acquired (shown in 

Figure 4.19).  The goal of the studies was to compare 31P chemical shifts of the ID3 stem loop and 

the ID3-IBS1 complex.  Resonances of both ID3 and the ID3-IBS1 complex fall in the narrow 

range of -0.16→(-1.2) ppm, consistent with no major perturbation of A-form helical parameters, 

with the caveat of the most upfield shifted-phosphorous resonances, which do deviate slightly from 

A-form helical values.  The absence of the downfield-shifted 31P resonances, however, was taken as 

evidence of  and  dihedral angles, excluding trans conformation.  

4.8 Structure Calculations of the ID3 Stem Loop 

In total, 423 structural restraints were used to calculate the initial set of structures.  Distances 

were calculated from a NOESY spectrum at 150 ms.  Weak (2.5-5.4 Å) and very weak (3.0-6.6 Å) 

NOEs that were not observed in the spectrum at 150 ms were determined from a spectrum at 350 
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ms.  255 NOE-derived restraints were used for structure calculation as well as 32 individually 

imposed hydrogen bond restraints.  141 dihedral angle restraints were applied.  The backbone 

dihedral angles of the stem residues involved in Watson-Crick base pairs were constrained to A-

form helical values.  Except for G11, A13, A14 and G16, all glycosidic  torsion angles were 

restrained to reflect the anti conformation, because of the absence of a strong H6/8-H1′ NOE at 

short mixing times.  G11  torsion angle was restrained to reflect syn conformation of the base with 

respect to the glycosidic bond.  A13 and A14  angle were left unrestrained due to spectral overlap 

in the specific region, whereas the G16 was left unrestrained because the H8-H1′ NOE at short 

mixing times was intense.   Energies of the starting structures generated from the primary sequence 

were minimized in XPLOR-NIH (Schwieters et al. 2003) as described in Materials and Methods.  

100 starting structures with randomized backbone dihedral angles were subjected to several rounds 

of restrained dynamics and energy minimization to converge to a family of structures with low NOE 

and dihedral angle violation energies.  The structures were considered converged if they satisfied 

experimental constraints and maintained correct stereochemistry.  Ten of twenty lowest energy 

structures were visually inspected and further refined using DELPHIC potential data base (Clore 

and Kuszewski 2003).  The ten lowest energy structures had no NOE violations (>0.5 Å) nor 

dihedral violations greater than 5°.  The mean r.m.s.d for heavy atoms of the stem and the base of 

the loop (residues 1-9 and 17-23) for these structures was calculated to be 1.26±0.28 Å and 

3.41±1.86 Å for the loop (residues 10-16) (see Table 4.2).   

4.9 Residues of EBS1 (10-16) Display Conformational Heterogeneity 

ID3 adopts a well defined structure in the stem region (see Figures 4.11, 4.12).  The all atom 

r.m.s.d of the lowest energy ensemble of structures of the residues of the stem, including the base of 

the loop is 0.99±0.30 Å.  The base of A7 stacks onto the base of U6 residue.  A17 partially stacks 

upon A7, and intercalates between U6 and A7.  Residues U8 and U9 are also stacked facing the 

interior of the loop.  The Watson-Crick face of A17 is within hydrogen-bonding distance to both U8 

and U9, and nearly coplanar with the base U8 residue.  By contrast, the average all atom r.m.s.d. of 

the loop residues 10-16 is high, 3.55±1.89 Å, consistent with an unstructured and/or dynamic loop.  

Residues comprising the exon binding sequence (EBS)1 (10-16) are poorly defined in the family of 

structures, as has previously been seen in large RNA loops (Bouvet et al. 2001).  Residues 10-16 are 

not well defined due to the lack of medium and strong NOE distance restraints stemming from loop 

residues.   
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Although the loop residues show evidence of conformational heterogeneity, they also display 

some interesting structural features.  The first residue of the EBS1, G10, is exposed to solvent in the 

ten lowest energy structures.  The syn base G11 faces the minor grove side of the loop in eight of the 

ten lowest energy structures, and does not show a consistent pattern of hydrogen bonds that would 

be expected for stabilization of the syn conformation; however, based on a clear syn-base signature in 

NOESY spectra at 50 ms mixing time, we constrained the base in this position.  The lack of 

consistent hydrogen bonds between the G11 residue and possible hydrogen bonding partners is in 

agreement with a flexible or dynamic loop.  In eight of the ten lowest energy structures, the A12 

base stacks horizontally at the top of the loop, whereas in two structures it is directed toward the 

major groove face of the loop.  A13 assumes the least consistent conformation of all the residues of 

EBS1, facing either the major or the minor side of the loop in an equal number of structures.  In a 

small number of structures A13 stacks on A14.  A14, similarly to A13, faces either sides of the loop.  

The base of U15 faces the minor side of the loop in all ten structures.  In four of the structures it is 

stacked between adjacent bases, whereas in four others U15 stacks at the top of the loop, with no 

consistent contacts with which it could form hydrogen bonds.  U16 shows conformational 

variability.  In four of the structures G16 faces away from the backbone, 180° about the long axis of 

the molecule, in the plane of the loop.  In five of the structures, G16 stacks upon A17, pointing 

toward the minor face of the ID3 loop.   

Conformational heterogeneity of the residues of the EBS1 part of the ID3 loop observed in 

the lowest energy structures are good indicators of flexibility and/or dynamics in the loop, which 

may relate to function of the ID3 loop.  The position of the Watson-Crick face of all of the residues 

of EBS1 region suggests that they are exposed and available for base pairing.   

4.10 Assignment of Exchangeable Protons of the ID3-IBS1 Complex 

ID3 is essential for tethering the two exons during splicing of group II introns (Costa et al. 

2000; de Lencastre et al. 2005; Jacquier and Michel 1987; Su et al. 2001).  In this part of the study, 

the structural features of the ID3-IBS1 stem loop complex, which involves the 5′ splice site of the 

ai5  group II intron, were investigated by NMR spectroscopy.  The 11-nucleotide ID3 loop contains 

the Exon Binding Sequence 1 (EBS1) that forms seven Watson-Crick base pairs and a G•U wobble 

pair with the Intron Binding Sequence 1 (IBS1) immediately upstream of the 5′ splice site. 

The melting temperature of the ID3-IBS1 complex was analyzed by NMR spectroscopy.  All 

imino proton resonances broadened beyond detection above 25°C.  2D NOESY spectra of non-



111 
 

exchangeable protons of the ID3-IBS1 complex above 30°C were identical to the spectra of the ID3 

stemloop alone, suggesting that the complex was melted above 30°C, consistent with previous 

studies (Kruschel and Sigel 2008).  Low thermal stability of the ID3-IBS1 complex of the native 

yeast sequence prevented study over a large range of temperatures.  All NMR studies of the complex 

were done between 0-15°C.   

NOESY spectra of exchangeable protons using excitation-sculpting water suppression 

sequence (Callihan et al. 1996b)  were collected with 120 and 200 ms mixing times at 0-4°C to 

determine the base-pairing patterns of the ID3-IBS1 complex.  1D 1H spectra showed nine sharp 

resonances between 12 and 14 ppm, suggesting their involvement in Watson-Crick base pairs.  We 

also observed four sharp imino resonances between 11-12 ppm, suggesting imino protons involved 

in non-canonical base pairs.   

2D NOESY spectra showed NOEs of the imino-imino and imino-amino region, allowing 

identification of resonances as four uridine and five guanosine imino protons involved in Watson-

Crick base pairing (see Figure 4.13).  We confirmed assignments of the stem residues by comparing 

the spectra of the ID3-IBS1 complex with the spectra of the ID3 alone.  The NOE patterns of the 

four residues in the stem remain essentially unchanged in the spectra of the complex.  The imino 

proton resonances of the stem-closing G•U wobble pair shift slightly downfield in the spectra of the 

complex, consistent with a slight decrease in shielding of the G•U imino proton in the complex. The 

two remaining upfield-shifted resonances that showed a strong imino-imino 1H cross-peak and 

lacked imino-amino cross-peaks were identified as a G7′•U11 (′-denotes residues of the target) 

wobble pair of the EBS1-IBS1 helix.  Strong imino-imino 1H NOEs were observed between G10, 

G11, U7′ and U6′ loop residues, facilitating their assignments.  A weak NOE was observed between 

an imino proton of the U6′ residue and a uridine imino proton, suggesting that it is the imino 

resonance of U5′.  A strong NOE was observed between the U5′ imino proton and another uridine 

imino proton, which was assigned to the imino proton of U4′.   

We confirmed the assignments of exchangeable protons by detecting 15N chemical shifts of 

imino nitrogens in 15N-HSQC spectra, in which 1H-15N correlations are observed (see Figure 4.14).  

As observed in the homonuclear spectra, the resonances of the first five base pairs of the stem 

remain unchanged in the 15N-HSQC spectrum of the complex.  There is a slight downfield shift of 

both 1H and 15N imino resonances of both, U6 and G18, consistent with less shielding.  A new, 

upfield-shifted NOE was observed in the 15N chemical shift range of an imino nitrogen of a 

guanosine.  The 1H chemical shift of the resonances was identical to that of G11 observed in the 2D 
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NOESY spectra, confirming the assignment.  A weak crosspeak, whose 1H and 15N chemical shifts 

were very close to G11 was also observed, consistent with a small amount of a secondary 

conformation of the G11 residue or an additional G imino proton involved in a non-canonical 

interaction. 

4.10.1 A New Technique for Assignment of Exchangeable 1Hs of the ID3-IBS1 Complex  

We attempted to use filtered/edited NOESY experiments (Peterson et al. 2004) to assign 

exchangeable protons using a sample containing a labeled ID3 stemloop and an unlabeled target, but 

were not successful.  We then acquired 2D NOESY spectra of the complex containing a labeled 

ID3 stemloop and an unlabeled target (Figure 4.15).  A pattern of splittings of imino and amino 

proton resonances was detected, caused by the 1J(HN) scalar coupling with the 15N, to which imino 

and amino protons are bonded.  Because the imino and amino protons resonate in a typically 

downfield, un-crowded region we were able to analyze the pattern of splittings and make 

unambiguous assignments.  We used two differently labeled samples of the complex, 13C15N-labeled 

ID3 with an unlabeled target, and a target with a 13C15N-labeled cytosine and an unlabeled ID3 

stemloop. 

Resonances of 1Hs bonded to 14N (unlabeled 1Hs) were observed as a single resonance.  

Resonances of protons attached to 15N (labeled 1Hs) were observed as a doublet.  An NOE between 

a labeled and an unlabeled proton was observed as a doublet.  Conversely, an NOE between two 

labeled 1Hs was observed as a quartet.  In this way, we were able to distinguish NOEs between 

labeled and unlabeled residues, and differentiate the NOEs between protons of ID3 only, of both 

the ID3 stemloop and the target, and of the target alone. 

  We confirmed assignments made from 2D NOESY spectra of the unlabeled complex (a 

comparison of the spectra of the unlabeled complex and the labeled one is shown in Figure 4.16).  

We observed NOEs split into quartets at the chemical shifts of imino and amino protons of stem 

residues, including the closing G18•U6 pair, thus confirming the imino and amino proton 

assignments of the stem residues.  We detected a singlet NOE involving resonances of identical 

chemical shift as the imino protons of the U4′ and U5′ residues. The lack of splitting indicated that 

the NOE was between protons of an unlabeled residue, in this case the target, confirming the initial 

assignment of those resonances to the imino protons in the unlabeled target.   

We detected an intense NOE doublet associated with resonances of identical chemical shifts 

as those of the imino protons of the U7′•G11 wobble pair.  The orientation of the splitting 

suggested that the NOE was between an imino proton of an unlabeled uridine and a labeled 
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guanosine, confirming our initial assignment.  We also detected a weak doublet NOE of an 

orientation suggesting that it was between a U of the target and a G of the loop.  Initially we 

observed this NOE in the 2D NOESY and 15N-HSQC spectra and mistakenly assigned it to the 

G9′•U9, immediately 3′ to the splice site.  The imino-imino NOE, however, was between a labeled 

G and an unlabeled U.  By the use of this technique we were able conclude that the NOE cannot be 

attributed to the imino 1Hs of the G•U wobble immediately 3′ to the splice site.  This NOE would 

be between a labeled U and an unlabeled G (in the sample of the complex containing labeled ID3 

and unlabeled IBS1 target), and therefore could not have the NOE pattern we observed.  Based on 

the chemical shift similarity it is likely that this weak NOE is due to a small fraction of a secondary 

conformation of the U7′•G11 pair, which was also observed in the 15N-HSQC spectrum of the 

complex. 

We examined the initial assignment of the imino proton of the G10 residue, by using two 

differently labeled samples, a 13C15N-labeled ID3 with an unlabeled target, and a C-labeled target 

with unlabeled ID3 stemloop.  In a spectrum of the labeled-ID3 complex, the NOE of the imino 

proton initially assigned to G10 was observed as a doublet, confirming that it belongs to the ID3 

stemloop and not the target.  In the spectrum of the cytosine-labeled target, two NOEs involving 

amino 1Hs of the Watson-Crick partner of G10, were observed as doublets, suggesting that the base 

pairing partner of G10 is a labeled cytosine, which in this case belongs to the IBS1 strand.  The 

sharp resonances generally observed in slowly-exchanging amino protons of cytosines, combined 

with the splittings are consistent with the assignment to C4H2 amino proton of C8.  By this method, 

we were able to assign all NOEs observed in the NOESY spectra of the ID3-IBS1 complex.  

Unambiguous assignment of exchangeable protons of the ID3-IBS1 complex allowed 

identification of base pairs involved in complex formation.  We detected five base pairs, four 

Watson-Crick and one G•U wobble pair, consistent with previous studies (Su et al. 2001).  We saw 

no evidence of G9′•U9 wobble pair, which is fully consistent with the model of the complex in 

which the EBS1-IBS1 double stranded region ends at the 5′ splice site and the residues of the loop 

upstream of the 5′ splice site, as well as residues of the target downstream of it are single-stranded . 

As expected, we did not observe the two terminal base pairs at the 3′ side of the loop.  It is 

possible that we did not detect them due to the end-fraying effects of the helical termini of nucleic 

acids (Patel and Hilbers 1975), or because they do not form.  In order to determine additional 

information about structural features of the ID3-IBS1 complex we acquired spectra of the non-

exchangeable protons and heteronuclear spectra. 
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4.11 Assignments of Non-Exchangeable Protons of the ID3-IBS1 Complex 

2D NOESY spectra of non-exchangeable protons of the ID3-IBS1 complex above 30°C 

were identical to the spectra of the ID3 stemloop alone, suggesting that the complex melted above 

30°C; NMR spectra of non-exchangeable protons of the complex were therefore acquired at 0-15°C 

(Figure 4.17 shows a spectrum acquired at 15ºC, 350 ms mixing time).  However, at low 

temperatures we observed an increase in line-width of resonance peaks and NOEs in spectra of the 

complex, associated with slower tumbling of the larger molecule, which precluded the complete 

assignment of non-exchangeable protons.  

We compared the spectra of non-exchangeable 1Hs of the ID3 stemloop with the spectra of 

the ID3-IBS1 complex.  The NOEs of the residues of the stem are identical in the two spectra.  We 

observed stacking of residues of the stem and in the base of the loop, up to G8 and A17.  We were 

not able to obtain information about NOEs of the residues U9, G10 and G16 due to spectral 

overlap.  However, because they were in the uncrowded regions of the spectra, we detected the 

NOESY τwalkυ between residues of the IBS1 target, allowing the unambiguous assignment of H1′ 

and H6/8 aromatic protons (as well as of H2′).  We observed strong NOEs between aromatic H6/8 
1Hs and upstream H2′ 1Hs of residues C8′ through U4′, consistent with A-form RNA parameters 

involving residues forming the EBS1-IBS1 pairing. 

In the absence of complete assignments, we focused on AH2 resonances, which are narrow 

and intense, and provide invaluable information about the base pairing patterns of adenines. Three 

intense, sharp resonances were identified as the A12, A13 and A14 H2, which were previously 

observed in the 2D NOESY spectra of exchangeable protons, as well as a new resonance, assigned 

to the A3′ H2 (Figure 4.17).  The AH2 resonances of A12, A13 and A14 were identified based on 

the chemical shifts of NOEs they have with imino 1Hs of uridines they are base paired to.  Their 

assignment was confirmed by the AH2-AH2 NOEs between them.  We detected C2-H2 cross peaks 

in 13C-HSQC spectra in order to confirm the assignments of A H2s (Figure 4.18).  We observed 

intense C2-H2 correlations at the corresponding chemical shifts of adenine C2 and H2, confirming 

our initial assignment, providing new information about the extent of base pairing between the ID3 

and IBS1.   

4.11.1 Evidence for Formation of Base Pairs 

Overall, we provide direct and indirect evidence of the formation of seven base pairs.  

NOEs between sharp AH2 resonances are excellent indicators of the base pairing arrangement of 

adenines.  In A-form RNA helices AH2 has a NOE to the sequential H1′ on the same strand and in 
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the reverse direction on the opposite strand.  All four AH2 displayed NOEs to H1′ typical of an A-

form RNA helix.  Moreover, we observed an intense NOE between A3′ H2 and G16 H1′, which is 

consistent with the involvement of G16 in a Watson-Crick base pair.  No evidence of base-pairing 

downstream of the 5′ splice site was observed.  The ID3-IBS1 pairing involves six canonical base 

pairs and a G•U wobble pair.  The ID3-IBS1 pairing begins at G16-C2′ ends at the G10-C8′ base 

pair.  The 5′ splice site is positioned at the junction between single and double stranded RNA in the 

ai5  group II intron, as previously suggested (Costa et al. 2000; Jacquier and Michel 1987; Su et al. 

2001), which may play a role in the recognition and accessibility of the cleavage site. 

4.11.2 Assessment of Flexibility of the EBS1-IBS1 Helix 

We assessed the effects of EBS1-IBS1 duplex formation on the line widths of aromatic 

resonances of the EBS1 residues, as a measure of change in disorder or flexibility.  We determined 

resonance widths at half heights and assessed their change upon complex formation in the spectra 

acquired at identical sample conditions and temperatures.  Resonance lines are broadened by 

increased relaxation, which is caused by random fluctuations in the local chemical environment that 

cause changes in the magnetic field sensed by the nuclei, due to molecular motions.  In addition, 

linewidths of resonances are dependent on the tumbling rate and therefore on the size of the 

molecule.  Asymmetric shape of the molecule also causes an increase in the anisotropy of the 

molecule, increasing the relaxation rate and thus the linewidth of resonances.   

We evaluated the increase in linewidth for clearly separated peaks because a number of peaks 

were in the overlapped region in the spectra of the ID3 alone as well in the spectra of the ID3-IBS1 

complex.  Resonance line widths of six aromatic base 1Hs in the stem, whose chemical shifts do not 

change in the spectra of the complex increased on average by 40±10% in the spectra of the 

complex.  Likewise, the width of the A20 H2 resonance of the only adenosine in the stem increased 

by ~30%, from 9 Hz to 11.6 Hz,  in the spectra of the complex.  Considering the increase in size of 

about 30%, this finding is consistent with slower tumbling and an increase in the anisotropic 

behavior of the larger complex.   

We assessed the linewidths of resonances that were broad in the spectra of the ID3 alone.  

We focused on the measurement of the linewidths of two AH2 resonances, A12 and A13, which 

were visibly separated and thus amenable for the assessment of line widths.  Not surprisingly, the 

linewidths of the two resonances decreased by an average of 14% in the spectra of the complex as 

compared to the spectra of the ID3 alone. The A12 H2 resonance line narrowed from 15 Hz to 11 

Hz, ~20%, whereas the A13 H2 resonance narrowed by a lesser amount, from 11 Hz to 10 Hz.  The 
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narrowing of these resonances upon target formation is consistent with structuring of the residues 

of EBS1, associated with formation of the ID3-IBS1 complex.  

We also noted that the linewidth of A3′ of IBS1 target, expected to be involved in the 

second base pair of the EBS1-IBS1 pairing is 12 Hz, which is comparable to the linewidths of the 

other two AH2s of the EBS1, which are on average 12 Hz, suggesting similar degree of flexibility.  

This finding suggests that A3′ H2 undergoes motions similar to those of the other AH2 of the 

EBS1, which is consistent with similar structural parameters and chemical environment.  This is an 

important observation because A3′ is anticipated to form a Watson-Crick base pair that is not a 

terminal base pair, which we show to be the G16-C2′. 

Taken together, broadening of resonances in the spectra of the complex can be attributed to 

increased rotational correlation time due to slower tumbling of the complex.  In contrast, the 

narrowing of the lines of AH2 resonances of the adenines involved in the EBS1-IBS1 duplex 

formation suggests that in spite of slower tumbling of the larger complex, the EBS1-IBS1 

interaction results in stabilization of the conformation of the residues of the EBS1 guide sequence, 

and that dynamics of the A3′ residue of the target are on the order of those of the EBS1 sequence.  

This finding is consistent with structural data shown in this work and adds to the model of the 

complex in which the EBS1 is stabilized by the interaction with the IBS1 target, through an induced 

fit mechanism. 

4.11.3 Details of the Backbone Conformation of the ID3-IBS1 Complex  

We assessed differences in the backbone conformation of the ID3 stemloop and the ID3-

IBS1 complex by comparison of the 31P chemical shifts.  Phosphorous chemical shifts of the ID3 

stem loop fall within the range of A-form values, with the exception of the most upfield-shifted 31P 

resonances, which deviate slightly from canonical A-form helical parameters.  In contrast, the ID3-

IBS1 complex has a slightly narrower range of 31P chemical shifts, consistent with A-form helical 

values, with a possibility of the most upfield and most downfield resonances having non-A-form 

character (Figure 4.19). 

Conformations of riboses were estimated by detecting cross peaks in 2D TOCSY spectra of 

the ID3-IBS1 complex.  We observed one strong, and two weak H1′-H2′ correlations, A10′ (3′-

terminal residue of the IBS1 target), and terminal residues of the ID3 stemloop, respectively (data 

not shown).  As could be expected, we detected no evidence of other H1′-H2′ cross peaks, 

consistent with riboses favoring C3′-endo conformation, which are observed in A-form RNA.  

Taken together, these data suggest that ID3 stem loop forms additional elements of canonical A-
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form RNA structure upon formation of the complex with the IBS1 target.  The flexibility observed 

in the residues of EBS1 of the ID3 stemloop is not observed in the spectra of the ID3-IBS1 

complex, which is in agreement with structuring associated with formation of the complex. 

4.12 Structural Features of the ID3-IBS1 Complex 

By comparison of the spectra of exchangeable 1Hs of the ID3-IBS1 complex and the ID3 

stem loop, we observed four identical imino 1H resonances and imino-imino and imino-amino 1H 

NOEs in the two spectra, involving imino 1Hs of G2, G3, U4 and G5 residues.  The two imino 1H 

resonances of U6 and G18 were shifted slightly downfield in the spectra of the complex, but 

displayed a strong imino-imino 1H NOE, typical of G•U wobble pairs.  We provide direct evidence 

for formation of six base pairs by the EBS1-IBS1 pairing by detection of imino resonances and by 

analysis of imino-imino and imino-amino 1H NOEs.  The double stranded region determined from 

the spectra of exchangeable 1Hs begins with A14-U4′ base pair and ends with the G10-C8′ base pair, 

at the 5′ splice site. 

 In comparison, NOESY spectra of non-exchangeable 1Hs of the ID3-IBS1 complex and 

ID3 alone are similar for resonances of the stem of ID3, within limits of differences in sample 

conditions and temperature variations.  We observed stacking of residues of the stem and in the 

base of the loop, up to U8 and starting again from A17.  We were not able to analyze NOEs of the 

residues U9, G10 and G16 due to spectral overlap.   

  We obtained additional evidence for base pairing of the EBS1-IBS1 in the spectra of non-

exchangeable 1Hs.  We observed NOEs between AH2s and H1′s that are consistent with formation 

of A-form helical structure by the residues G11, A12, A13 and A14.  We also detected an NOE 

between an AH2 of the second residue of the IBS1 sequence and G16 H1′.  This finding is in full 

agreement with formation of a U15-A3′ base pair and also suggests that an additional base pair 

forms, which precedes the U15-A3′ base pair.  Although we did not provide direct evidence for 

formation of the G16-C2′ base pair in the spectra of the exchangeable protons, we provide indirect 

evidence for the formation of this base pair by observation of the linewidth of A3′ H2 (~12 Hz), 

which is comparable to the linewidths of the AH2χs of the remaining residues of EBS1 (~12 Hz), 

suggesting similar dynamics, which is consistent with A3′ not being the terminal residue of the 

EBS1-IBS1 helix.  The data are consistent with the G16-C2′ being the terminal base pair of the 

EBS1-IBS1 duplex.  Overall we detected formation of seven base pairs, six of which are canonical 
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Watson-Crick base pairs and one of which is a G•U wobble pair by analyzing resonances and NOEs 

in the spectra of exchangeable and non-exchangeable 1Hs of the ID3-IBS1 complex. 

We provide evidence that the EBS1-IBS1 pairing ends at the 5′ splice site, in spite of the 

potential to form two additional base pairs.  We confirmed the absence of the U9-G9′ base pair by 

observing a lack of typical NOEs the spectra of exchangeable 1Hs.   The region of the spectra in 

which resonances of G•U wobble pairs appear are uncrowded (10-12 ppm), and even very weak 

crosspeaks are easily observable.  We feel that we can conclude with reasonable certainty that the 

G9′•U9 does not form based on the lack of those NOEs.   

We did not detect the resonance of A10′ H2.  H2 resonances of adenines involved in base 

pairs resonate in the specific upfield region of spectra and exhibit characteristic NOEs to H1′ 

resonances, which were not observed for A10′ H2.  This is important because we detected an 

intense A10′ H8 and would expect to detect an intense A10′ H2, if it was involved in a base pair.  

The absence of this finding is consistent with the A10′ not being involved in a base pair.  Taken 

together these observations suggest that the EBS1-IBS1 pairing ends at the 5′ splice site and that the 

structure of the loop affects the availability of bases for interaction and therefore base pairing.  In 

essence, the positioning of the EBS1 within the structure of the loop dictates the number of base 

pairs formed.  

NOEs between H6/8(n) and H2′(n-1) typical of A-form RNA structure were observed in 

the target strand.  In contrast, AH8 resonances of the residues of the loop (EBS1) are broadened 

and do not show NOEs typical of an A-type RNA helix.  This observation suggests that, while the 

IBS1 continues the A-form character of the ID3 stem, the loop deviates from canonical parameters, 

possibly, to accommodate for pairing with the IBS1 strand.  Resonances of aromatic H6/8 1Hs of 

A7 and U8 in the spectra of the complex are significantly (>.2 ppm) shifted in the spectra of the 

complex, suggesting altered helical parameters that cause deshielding of those 1Hs.  We observe 

stacking between the bases of U6, A7 and U8, suggesting that they are facing toward the interior of 

the loop, much like in the spectra of the ID3 alone.  G9 H6, G8 H6 and C23 H6 are overlapped in 

the spectra that were acquired at all conditions and temperatures, precluding differentiation of their 

NOEs.  Based on the evidence of base pairing from the spectra of exchangeable protons, we 

conclude that the residues of the EBS1 undergo structural changes upon formation of the EBS1-

IBS1 pairing.  We see no evidence of a G11 base assuming syn conformation in the spectra of the 

complex.  Moreover, the chemical shifts of H8/6 resonances of residues G10 and G16 move 
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significantly upfield (> 0.2 ppm) and are observed in the upfield regions of spectra that are 

consistent with the highest degree of shielding due to stacking interactions. 

As mentioned above, resonances of aromatic 1Hs of loop residues are broader and less 

intense, which is in contrast with the sharp lines observed in AH2s of the same residues.  AH2s are 

adjacent to the 1Hs involved in base pairs, which adds to theirs stability.  It is very surprising, 

however, that resonances of aromatic 1Hs of the same bases are broadened, suggesting dynamic 

behavior.  This finding also contrasts our observations regarding the 1Hs of the IBS1 target, which 

show evidence of stacking and general A-form helical parameters.  It would be interesting to 

investigate the differences in dynamics of the two strands of the EBS1-IBS1 pairing.     

 We observed stacking of residues of the target beginning with A10′ and ending with U7′.  

H6/8 aromatic 1Hs of residues upstream of U7′ of the target are in the crowded regions of spectra 

and their stacking patterns could not be assessed.  It is interesting that we observe stacking of all 

residues at the 3′ end of the target.  Stacking would suggest that those residues are oriented in the 

same general direction as the preceding residues, which form base-pairs of the EBS1-IBS1.  This 

means that if the base pairing partners of A10′ and G9′ were available, that the pairing would occur.  

As it is, it is likely that the potential base pairing partners of A10′ and G9′ are not available and this 

would be due to the structure of the loop, which may be important for selection of the cleavage site. 

The residues of the target are stacked and it is not surprising that the A-form parameters of 

the stem continue into the EBS1-IBS1.  We observe no perturbed riboses in the spectra of the 

complex, which is completely consistent with A-form parameters of the EBS1-IBS1.  Furthermore, 

the helical twist of the helix of seven base pairs would make it impossible for U9 to accommodate 

base pairing without inducing a large degree of distortion in the backbone, which would be visible in 

the spectra of the complex.  As is, it is likely that the torsional strain in the backbone is too 

energetically costly for the EBS1-IBS1 pairing to continue past the cleavage site, suggesting a role 

for the size of the loop in the 5′ splice site selection.  

4.13 Conclusions 

In most cases, ribozymes that cleave RNA sequences recognize their substrates by forming 

base-pairing interactions (Jacquier and Michel 1987; Uhlenbeck 1987; Zaug et al. 1986). Recognition 

associated with formation of the 5′ splice site in group II introns involves formation of a number of 

base pairs.  In all group II introns, a guide sequence immediately upstream of the 5′ splice site base-

pairs with a loop element of the Domain 1, which contains the complementary exon binding 
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sequence one (EBS1).  The size of the loop is essential for splicing efficiency in a mitochondrial bI1 

group II intron of Saccharomyces cerevisiae (Hetzer et al. 1997).  The number of base pairs formed with 

the guide sequence is critical for accurate selection of the cleavage site.  The 5′ splice site selection is 

associated with formation of the largest number of base pairs available in the ai5  mitochondrial 

group II intron in S. cerevisiae (Su et al. 2001). 

   In order to determine the structural features of the EBS1-IBS1 interaction in the context of 

the ID3 loop, we determined a solution structure of the ID3 stemloop and performed a 

spectroscopic study of the ID3-IBS1 complex in solution.  NOE-based methods were used for 

structural determination.  The ten low energy structures were refined using database potentials for 

relative position of close bases and dihedral angles of nucleic acids (Clore and Kuszewski 2003).  

Structure of the ID3 stemloop involves six base-pairs with the stem-closing G18•U6 wobble pair.  

Residues at the base of the loop are structured and stacking continues into the loop, involving 

residues 1-9 and 17-23.  Residues of the EBS1 sequence in the absence of the IBS1 target form a 

flexible loop whose structure is not well defined and/or is dynamic.  The observed conformational 

variability is a function of lower number of NOE distance restraints originating from loop residues.  

Observation of H1′-H2′ cross peaks in TOCSY spectra is consistent with conformational flexibility 

of the ribose rings, specifically C2′-/C3′-endo equilibrium among riboses in the ID3 loop. 

Another reason for the structural heterogeneity we observed is that only NOE-type restraints 

were used for structural determination.  Whereas NOEs are very useful for determination of short- 

range distance constraints, they cannot describe the global orientation of helical regions of nucleic 

acids.  The use of dihedral restraints in structure calculation, as is normally done for the regions of 

A-form helical structure (modeled A-form helical values for dihedral restraints) or when the dihedral 

angles of the backbone have been experimentally determined, aides the problem of heterogeneity of 

long helical regions.  The structural ambiguity of helical regions arises when no dihedral restraints 

are applied, as is the case for the residues at the base of the ID3 loop.  This, to a degree, explains the 

τfanningυ of the structures toward the end of helices.  This problem can be overcome with the use 

of residual dipolar couplings (RDC) and partially aligned samples, to obtain information about long-

range orientation, and has emerged as the new tool in study of large biomolecules in solution. 

   The studies described herein show that ID3 interacts with IBS1 in solution.  We also show 

that Mg2+ ions are not required for pairing of ID3 with IBS1.  Upon addition of the IBS1 target, the 

ID3 becomes structured, forming six Watson-Crick base pairs and a G•U wobble pair.  EBS1 region 

of ID3 undergoes a significant structural change involving structuring upon formation of seven base 
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pairs with the IBS1 target in an apparent induced-fit mechanism, where both the IBS1 and EBS1 are 

structured upon interaction.  We detect no evidence of riboses assuming non-canonical 

conformations in residues involved in the IBS1-EBS1 pairing.  Only riboses of terminal residues 

display non-C3′-endo character.  Residues of EBS1 that displayed signs of dynamic behavior become 

involved in Watson-Crick base pairs, in which fast motions have been shown to be on the order of 

the static crystal structures (Musselman et al. 2006), suggesting a decrease in motion of residues in 

EBS1 upon EBS1-IBS1 pairing.  31P studies corroborate findings from 1H NMR studies, suggesting 

that the helical parameters of the backbone are within A-form values, with the most upfield and 

downfield resonances possibly exhibiting a slight deviation from A-form parameters. 

Kruschel and Sigel recently solved an NMR structure of the ID3 stemloop and ID3-IBS1 

complex, in which they replaced adenosine residues three and five in the EBS1 with two cytosines, 

with compensatory changes in the IBS1 residues, to improve thermal stability of the ID3-IBS1 

pairing (RSCB: 2K63 and 2K64).  The structures of the stem and base of the loop of ID3 and 

modified ID3 are in good agreement.  In contrast, structures of the EBS1 regions (loop) exhibit 

large differences in the degree of convergence and conformation.  Whereas Kruschel and Sigel show 

a tight ensemble (all heavy atom average r.m.s.d. 1.45±0.68 Å, with heavy atom loop residue r.m.s.d 

ranging from 1-3.5 Å) (validation report by NRG-CING), our structure of the ID3 stemloop is not 

well defined (mean heavy atom r.m.s.d. of loop residues 10-16 3.41±1.86 Å) and exhibits a hinge-

like motion with respect to the ID3 stem.   

We show a model in which the EBS1 region is flexible and/or unstructured prior to 

interaction with the IBS1 target.  This model is consistent with inhibition studies, which show that 

the energy of EBS1-IBS1 binding is identical to the binding energy of a free IBS1-EBS1 duplex (Qin 

and Pyle 1999), suggesting that EBS1 is exposed and unfolded prior to the interaction with the 

target.  Otherwise, unfolding of a structure formed by the ID3 loop would involve an energetic 

penalty, which would be observed in the energy of binding to the IBS1 target.  We suggest that the 

apparent flexibility of the EBS1 region of the ID3 is an authentic property of the native ID3 

stemloop.  An important observation here is that the double stranded region ends at the 5′ splice 

site, placing it at the single/double stranded junction, consistent with previous studies (Su et al. 

2001). The placement of the cleavage site at the terminus of a double stranded region may play an 

important role in recognition and/or accessibility of the 5′ splice site for cleavage.       
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Figure 4.1: RNA sequences used in structural study of  ID3 and ID3-IBS1 complex.   Native 
Ai5  group II intron sequence was used.  Three G-C base-pairs were added at the beginning of the 
stem to stabilize constructs for NMR studies.  Watson-Crick and G•U wobble pairs are marked by 
dashes and dots, respectively.  The target sequence containing IBS1 and the 5′ splice site is shown in 
purple.   
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Figure 4.2:  Gel mobility shift assay of the ID3 and the ID3-IBS1 complex. Non-denaturing 
PAGE (15%) was performed at 4°C. The gel was stained with Nuclistain®.  A Single band in each 
lane is taken as evidence of single conformation of each.  The gel shows stoichiometric pairing of 
the ID3 and the IBS1 as evidenced from a slower-migrating band in the lane of the complex. 
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Figure 4.3:  Circular Dichroism (CD) Spectra of the ID3 stemloop. Mean residue ellipticity 
(degM-1cm-1) was calculated for all spectra.  CD spectra of ID3 stem-loop were typical of an A-form 
RNA helix (minimum at 210 nm and maximum 265 nm, with a shoulder at 280 nm, indicative of a 
single stranded region.  Addition of Mg2+-ions increased the intensity of both bands, the minimum 
at 210 nm and the maximum at 268 and induced a slight red-shift of the maximum peak at 268 nm, 
suggesting secondary structure changes upon addition of magnesium ions.  Addition of the IBS1 
target induces an increase in the positive ellipticity at 268 nm, which is consistent with formation of 
new secondary structure of A-form helical parameters. Addition of Mg2+ to the ID3-IBS1 complex 
does not induce spectral changes, consistent with absence of major structural perturbation.   
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Figure 4.4:  Imino-imino 1H region of 2D NOESY spectra of exchangeable 1H of the ID3 
stem loop.  2D NOESY spectrum of exchangeable protons of the ID3 stemloop shows NOE 
patterns of imino protons indicating continuous stacking interactions associated with formation of 
six base pairs of the ID3 stem, including five Watson-Crick pairs and the stem-closing G•U wobble 
pair. Spectra were acquired on a ~1mM , pH ~6.4, 50 mM NaCl on a 600 MHz Bruker Avance 
spectrometer, equipped with a 5 mm (HCN/z) TXI cryoprobe, with 64 scans and 512 increments  
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Figure 4.5:  Imino 1H-15N region of 15N-HSQC (red) and HNN-COSY (blue-green) spectra 
showing 1H-15N correlations of imino 1H of ID3 stemloop.  15N-HSQC spectrum of the ID3 
stemloop shows correlations of imino protons and nitrogens, to which they are covalently bonded.  
HNN-COSY spectrum also shows correlations of imino 1Hs to the imino 15Ns of their base-pairing 
partners.  Correlations are observed for base pairs involving H−N--H, because there is a 2JNN scalar 
coupling observed across a hydrogen bond (~7 Hz) (Dingley and Grzesiek 1998).  We observed 
both sets of correlations for the residues of the stem, but only the direct ones for the closing G•U 
wobble pair, because the base pairing involves an H-N--O arrangement.  
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Figure 4.6:  2D NOESY spectrum of non-exchangeable 1Hs of the ID3 stem loop.  Base-H1′, 
base-ribose and H1′-ribose 1H regions are shown.  Distance restraints were determined from NOEs 
in the regions above as well as from the base-base 1H region.  All NOESY spectra of non-
exchangeable 1Hs were acquired on a ~1 mM RNA, pH ~6.4, 50-100 mM NaCl.  The spectrum 
shown above was used for structural determination and was acquired using 150 ms NOE mixing 
time. 
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Figure 4.7:  Base-H1′ region of a 2D NOESY spectrum of non-exchangeable 1Hs of the ID3 
stem loop.  Sequential aromatic-anomeric (H8/6-H1′) connectivities used for initial assignments are 
shown.  The otherwise continuous NOESY τwalkυ (H6/8-H1′ connectivities, which are marked by 
red lines) is interrupted at A13/A14 residues and at 14 H1′-U15 H6.  The spectrum shown above 
was acquired with 72 scans and 576 increments, using 350 ms mixing time.  
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Table 4.1. Proton Assignments of the ID3 Stem Loop 

Residue H6/H8 H2/H5 H1′ H2′ H3′ H4′ H5′/5′′ imino amino 

G1 8.13  5.84 4.96 4.31 4.35 4.19/4.30 12.52  

G2 7.56  5.95 4.74 4.59 4.56 4.25/4.52 12.93 6.04/8.37 

G3 7.26  5.81 4.53 4.45 4.50 4.10/4.50 13.27 6.10/8.52 

U4 7.71 5.14 5.60 4.70 4.53 4.45 4.11/4.55 13.77  

G5 7.68  5.81 4.51 4.44 4.53 4.15/4.50 12.79 5.95/7.90 

U6 7.64 5.45 5.55 4.26 4.55 4.39 4.10/4.47 12.05  

A7 7.76 7.76 5.96 4.62 4.52 4.51 4.14/4.35   

U8 7.62 5.47 5.62 4.29 4.48 4.35 4.08/4.29   

U9 7.66 5.65 5.71 4.23 4.50 4.27 4.05   

G10 7.85  5.63 4.63 4.72 4.30 4.10   

G11 7.86  5.61 4.70 4.75 4.35 4.11   

A12 8.21 7.96 5.82 4.73 4.54 4.36 4.12   

A13 8.18 7.93 5.83 4.78 4.62 4.44 4.15/4.19   

A14 8.18 8.01 5.83 4.64 4.49 4.36 4.10   

U15 7.66 5.66 5.74 4.31 4.58 4.37 4.14   

G16 7.81  5.54 4.65 4.71 4.41 4.09/4.25   

A17 8.19 8.02 6.01 4.83 4.79 4.63 4.24/4.40   

G18 7.78  5.59 4.64 4.46 4.53 4.21/4.48 10.99 6.38 

C19 7.71 5.45 5.41 4.36 4.61 4.42 4.13/4.51  7.00/8.43 

A20 8.09 7.49 5.96 4.56 4.73 4.52 4.15/4.56  6.35/8.14 

C21 7.58 5.26 5.43 4.24 4.41 4.41 4.09/4.52  7.03/8.43 

C22 7.79 5.45 5.52 4.27 4.49 4.39 4.05/4.55  6.92/8.53 

C23 7.69 5.52 5.78 4.02 4.19 4.19 4.04/4.49 
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Figure 4.8:  2D NOESY spectrum (blue) overlaid with 2D TOCSY spectrum (red), H1′-
ribose 1Hs regions.  TOCSY spectrum shows only H1′-H2′ and H1′-H3′ correlations.  Marked are 
H1′-H2′ correlations of loop residues in dynamic ribose pucker equilibria.  Corresponding NOEs are 
very broad, which is consistent with dynamics in those residues.  In the rectangle are H1′-H2′ and 
H1′-H3′ crosspeaks of U8, U9 and U15 residues, which exhibit C2′-endo ribose conformation.  
Spectra were acquired with 72 scans and 576 increments, 32 scans and 256 increments, respectively, 
at 350 ms mixing time, and 70 ms mixing time, respectively. 
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Figure 4.9:  Structure of the ID3 stemloop (180° rotation).  Stem is well structured.  Stacking 
continues into the loop.  Evidence of structure at the base of the loop, involving loop residues A7, 
U8, U9,  and A17.  The remaining residues of the loop are unstructured/dynamic 
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Fgure 4.10.  Loop residues of the ID3 stem loop. (A.) The more structured residues at the base 
of the loop are shown in blue: A7, U8, U9 and A17.  The poorly defined regions are depicted by the 
red ribbons. (B.) The unstructured loop residues (10-16) were aligned and are shown in red, with the 
ones assuming more consistent conformations labeled. 
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Table 4.2. Summary of Input Data and NMR Structure Statistics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Number of distance restraints:   287                

   Intranucleotide   130 

   Internucleotide   99 

   long-range   26 

Hydrogen Bonds         32 

Planarity Restraints          12 

Dihedral Angle Restraints          141 

   Backbone          88 

   ribose pucker          36 

   Glycosydic          17 

NOEs  per Residue  12.5 

NOEs and Dihedrals per Residue  18.4 

Mean r.m.s.d. from ideal experimental restraints:  

   distance restraints (Å)  0.045±0.008 

   dihedral restraints (°) 0.419±0.096 

Mean r.m.s.d. from ideal covalent geometry  

   bond Length (Å) 0.00595±0.00032 

   angle (°) 0.894±0.014 

   impropers (°) 0.525±0.012 

Number of NOE violations (> 0.5 Å)          0 

Number of dihedral violations (>5°)          0 

Mean non-hydrogen atom pairwise r.m.s.d. (1-9, 17-23)          1.26±0.33 

Mean all atom pairwise r.m.s.d (1-9, 17-23)      1.29±0.28 

Mean non-hydrogen atom pairwise r.m.s.d. (10-16)        3.41±1.86 

Mean all atom pairwise r.m.s.d (10-16)      3.55±1.89 
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Figure 4.11:  Imino-imino 1H region of 2D NOESY spectra of exchangeable 1H of the ID3 
stemloop (blue) and the ID3-IBS1 complex (red).  2D NOESY spectrum of the ID3-IBS1 
complex shows unchanged NOEs of the stem residues.  The closing G•U wobble pair shifts slightly 
downfield, consistent with slight deshielding.  New NOEs are observed, indicative of formation of 
four Watson-Crick base pairs and a new G•U wobble pair.  Spectra were acquired on ~0.7 mM 
RNA, 120 ms mixing time, with 64 scans and 512 increments.  
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Figure 4.12:  Figure 8: Imino region of the 15N-HSQC spectrum of the ID3 (blue) and the 
ID3-IBS1 complex (red).  1H-15N correlations are observed. The ID3 strand is labeled and the 
target strand (IBS1) is unlabeled.  The correlations of the four residues of the stem remain 
unchanged in the 15N-HSQC spectrum of the complex.  There is a slight downfield shift of the both 
imino 1H and 15N resonances of both, U6 and G18.  A new, upfield-shifted NOE was observed in 
the chemical shift range of an imino proton of a guanosine.  The chemical shift of the resonances 
was identical to that of G11 observed in the 2D NOESY spectra, confirming the identical 
assignment.  A weak NOE, whose chemical shifts were very close to G11 was also observed, 
suggesting an alternate conformation of the G11 residue or an additional G imino proton involved 
in a non-canonical interaction.  Spectrum was acquired on a ~0.15-0.3 mM RNA, pH ~6.4, 50 mM 
NaCl, with 32 (64) scans and 128 (512) increments in the spectra of ID3 and ID3-IBS1 complex, 
respectively. 
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Figure 4.13:  Imino-imino 1H region of 2D NOESY spectra of exchangeable 1H of 13C15N-

labeled ID3 stem loop in complex with an unlabeled IBS1 target.  We distinguished whether 
imino 1H resonances belong to the isotopically-labeled ID3 stemloop or the unlabeled target. 
Splittings are indicative of the isotope of N to which the imino 1Hs are attached.  If a resonance is of 
a 1H-14N it appears as a single peak.  1H-15N appears as doublet.  An NOE between two 1H-15N will 
appear as a quartet.  In the case of G•U wobble pairs we were able to distinguish which of them 
belonged to the loop vs. the target.  The spectrum was acquired on a ~0.3 mM RNA sample, with 
72 scans and 512 increments 
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Figure 4.14:  Imino-imino 1H region of overlaid 2D NOESY spectra of exchangeable 1H of 
13C15N-labeled ID3-unlabeled IBS1 (blue) and unlabeled (red) ID3-IBS1 complex.  Spectra 
were overlaid to show corresponding peaks in two samples with different isotopic labeling.  In both 
cases, the IBS1 target strand is unlabeled.  The spectrum of the unlabeled complex (red) was 
acquired on a ~0.5 mM RNA sample, pH ~6.4, 50 mM NaCl, with 64 scans and 512 increments.  
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Figure 4.15:  Base-H1′ region of 2D spectrum of non-exchangeable 1Hs of the ID3-IBS1 
complex.   AH2 NOEs of A12, A13, A 14 and A3′ indicative of their involvement in Watson-Crick 
base pairs are boxed in red. The spectrum was acquired on a ~0.7 mM RNA, pH ~6.4, 50 mM 
NaCl, with 64 scans and 512 increments, mixing time of 350 ms.  
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Figure 4.16:  Figure 8: Aromatic region of the 13C-HSQC spectrum of the ID3 (blue) and the 
ID3-IBS1 complex (magenta).  Aromatic 13C-1H correlations are shown involving C2-H2 of 
adenines, and C6-H6 and C8-H8 of A, G and C/U residues.  Chemical shift differences allow 
disambiguation of the resonances based on whether they belong to adenosines vs. guanosines.  U/C 
C6-H6 correlations are split by the C5-C6 scalar coupling, and are thus easily identified.  Region of 
the C2-H2 is indicative of the structural change involving adenosine residues which form base pairs 
in the complex, A12, A13, A14.  A3′ is not observed because it is a residue of the unlabeled IBS1 
target..  The most downfield of the C2-H2 correlations are of adenines not involved in base pairs 
and otherwise in non-canonical regions of RNA structure.   Spectra were acquired on ~0.3 mM 
RNA samples, with 64 scans and 256 increments. 
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Figure 4.17:  Figure 8: 31P spectra of the ID3 stem (blue), the ID3 stemloop (green) and the 
ID3-IBS1 complex (red).  Spectra were acquired on a ~0.3-0.6 mM RNA, pH ~6.4, 50-100 mM 
NaCl on a 500 MHz Varian INOVA spectrometer, equipped with Z-axis pulsed field gradients 
(PFG), 4k, 8k and 4k transients, respectively.  Spectra were referenced using an external referencing 
standard of 85% H3PO4, as 0 ppm reference frequency.  -0.16→-1.2 ppm 31P chemical shift range is 
consistent with non-perturbed backbone helical geometry in three samples studied, with the caveat 
of the most upfield and downfield shifted resonances, which reflect an unusual backbone 
conformation of loop residues. 
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CHAPTER FIVE 

5 DISCUSSION AND PERSPECTIVES 

5.1 Introduction 

Research described in this dissertation focuses on RNA-RNA interactions associated with 

recognition and assembly of RNA structures at and in the vicinity of two splice sites of two splicing 

systems.  In the U2-dependent spliceosomes, an RNA complex is formed by the U2 and U6 

snRNAs, creating a network of indispensable helices, which are believed to be the active 

components of the spliceosome (Valadkhan and Manley 2001; Valadkhan and Manley 2003; 

Valadkhan et al. 2009).  Helix III has been shown to be essential in an in vitro assay involving a 

mammalian system (Sun and Manley 1995).  The Helix III stem involves segments of U2 and U6 

snRNAs downstream of the branch site helix and upstream of the ACAGAGA sequence, 

respectively.  NMR studies of the three strand complex representing the U2-intron-U6 pairing 

showed formation of the U2-intron duplex and the U2-U6 duplex, but no interaction with the U6 

snRNA in the region of the putative Helix III.  NMR studies of the extended Helix III corroborate 

this finding and suggest that the U6 snRNA immediately upstream of the ACAGAGA sequence 

does not interact with the U2-intron duplex in the region of the proposed Helix III and that the U2-

U6 Helix III involving the section of U6 immediately upstream of the invariant ACAGAGA 

sequence does not form in the presence of the branch site intron. 

Folding of group II introns into active conformation relies upon formation of several types 

of RNA-RNA interactions, such as Watson-Crick base pairing, tetraloop receptor and other non-

canonical-type interactions.  Domain 1 of the group II intron contains sequences that mediate 

fidelity of the cleavage site by forming base pairs with sequences near the 5′ and 3′ splice sites (Costa 

et al. 2000; Jacquier and Michel 1987; Su et al. 2001).  Specifically, the EBS1-IBS1 base pairing is 

involved in recognition and positioning of the 5′ exon and formation of the 5′ splice site (Boudvillain 

et al. 2000; Costa et al. 2000; Qin and Pyle 1998).  EBS1 is a part of an 11-nucleotide stem loop at 

the terminus of ID3 stem loop (a subdomain of D1), which recognizes the downstream end of the 

Exon 1, by forming a number of base pairs.  Solution NMR structure of the ID3 stem loop of the 

ai5  intron in mitochondria of S. cerevisiae shows a structured stem and fairly structured base of the 

loop, as well as an unstructured or dynamic loop, involving residues of the EBS1 sequence.  NMR 
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spectroscopic study of the ID3-IBS1 complex in solution indicates that the unstructured region of 

the ID3 loop becomes structured upon interaction with the IBS1 sequence, forming the EBS1-IBS1 

pairing, which ends at the 5′ splice site.   

5.2 Discussion of the Results 

5.2.1 Helix III in the U2-Intron-U6 System 

NMR data in this protein-free spliceosomal system show a clear pairing between the 

segments of U2 and intron strands, and the U2 and U6 strands, respectively, with no evidence of 

triple helical behavior.  The lack of interaction of U2 and U6 in the area of the proposed Helix III in 

the presence of the branch site sequence suggests that the proposed triple helix does not form in the 

presence of the intron strand containing the branch site sequence; and that major-groove RNA triple 

helix does not form in the context of short RNA oligomers and protein free conditions.   

Our findings are in full agreement with the results of a genetic suppression assay in a 

mammalian system, whose sequence in the area we studied is identical the yeast sequence (Sun and 

Manley 1995).  As a brief analysis of their data (results are reviewed in Section 1.9), Sun and Manley 

demonstrated efficient splicing when the following arrangement of residues in a four strand complex 

is present (branch site-U2-U6-5′ splice site): C-G-C-G (wild type), A-U-C-G and G-C-G-C (Sun and 

Manley 1995).  The authors attribute the normal splicing levels in the two mutated sequences to the 

interaction of the U2-U6 helix III.  Although inclusion of the two mutated sequences results in 

successful splicing, one of the splicing-competent mutations (shown above) does not have the base-

pairing potential between residues of U2 and U6 snRNAs (U-C), excluding the possibility of 

canonical base pair formation and its role in splicing.  It would appear that the only requirement for 

efficient splicing is the base-pairing between the U2 and intron strands and the U6 and 5′ splice site 

intron strands, respectively. Therefore, we believe that both, Sun and Manleyχs and our data are 

consistent with an absence of interaction involving formation of U2-U6 Helix III.  Moreover, our 

findings are in agreement with a genetic study in a yeast system suggesting that Helix III does not 

form, and in which the sections of U2 and U6 snRNA interact with protein splicing factors (Yan 

and Ares 1996).   

These findings suggest that U2-U6 snRNA Helix III is not a factor in this protein free system.  

It is possible that protein factors are involved in stabilization of the Helix III structure in vivo or that 

the Helix III does not form.  Other factors may play roles in formation of structures and structural 

changes that accompany bringing of active elements into proximity.     
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5.2.2 Structural Features of the ID3 Stem Loop and the ID3-IBS1 Complex 

In order to determine the structural features of the EBS1-IBS1 interaction in the context of 

the ID3 loop, we determined a solution structure of the ID3 stemloop and performed a 

spectroscopic study of the ID3-IBS1 complex in solution. Residues at the base of the loop are 

structured and stacking continues into the loop, involving residues 1-9 and 17-23.  Residues of the 

EBS1 sequence in the absence of the IBS1 target form a flexible loop whose structure is not well 

defined, and whose residues of the EBS1 sequence are dynamic.   

We show that ID3 interacts with IBS1 in solution and that Mg2+ ions are not required for 

pairing of ID3 with IBS1.  Upon addition of the IBS1 target, the ID3 becomes structured, forming 

seven Watson-Crick base pairs and a G•U wobble pair.  The EBS1 region that displays a lack of well 

defined structure undergoes a change in an apparent induced-fit mechanism, where both the IBS1 

and EBS1 are structured upon interaction.  We detect no evidence of riboses in non-canonical 

conformations of residues involved in the IBS1-EBS1 pairing.  Only riboses of terminal residues 

display the non-C3′-endo character.  Residues of EBS1 that displayed signs of flexibility become 

structured by forming Watson-Crick base pairs, in which fast motions have been shown to be on the 

order of the static crystal structures (Musselman et al. 2006), suggesting a structuring of residues in 

EBS1 upon EBS1-IBS1 pairing.  31P studies corroborate findings from 1H NMR studies, suggesting 

that the helical parameters of the backbone are within A-form values, with the most upfield and 

downfield resonances possibly exhibiting a slight deviation from A-form parameters. 

The low thermal stability of the ID3-IBS1 complex prohibited the study at temperatures 

higher than 15°C, which suggest that factors other than RNA may be involved in stabilization of the 

EBS1-IBS1 duplex.  However, it has been suggested that the apparent weak binding of the EBS1-

IBS1complex is a functional feature, which acts as a control switch by preventing cleavage at an 

erroneous site due to mispairing (Qin and Pyle 1999).   

An important observation here is that the double stranded EBS1-IBS1 region ends at the 5′ 

splice site, placing it at the single/double stranded junction, consistent with previous studies (Su et 

al. 2001).  Su and Pyle have shown that the position of the 5′ splice site is movable and that that it is 

always positioned at the end of a double stranded region, formed by the EBS1-IBS1 pairing.  The 

placement of the cleavage site at the terminus of a double stranded region may play an important 

role in recognition and/or accessibility of the 5′ splice site for cleavage. 

Furthermore, the placement of the EBS1 sequence in the specific structural context of the 

ID3 loop may be an important feature, which specifies the 5′ splice site selection.  It has been shown 
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that the EBS1-IBS1 duplex can be shortened, but not elongated (Su et al. 2001), suggesting the 

importance of the size and/or structure of the ID3 loop in the 5′ splice site selection.  We show here 

that by virtue of being placed within the loop of a certain size, the two potential base pairs 

downstream of the 5′ splice site, which could form in a free duplex, do not form in the context of 

the loop.  This finding is in agreement with previous studies, which show that the size of the loop is 

critical for splicing efficiency (Hetzer et al. 1997).  These findings are important because we show 

that positioning of a guide sequence within a loop positions bases available for pairing and 

determines the extent of base pairing and thus the position of the 5′ splice site. 

5.2.3 Future Directions 

Significant functional differences between the mammalian and yeast spliceosomes suggest 

different modes of function in two systems, arguing for different roles of their structural elements 

and their evolutionary divergence. Since protein-free splicing has never been demonstrated, it is 

difficult to speculate about the functional significance of this protein-free system.  It would therefore 

be useful to determine the minimal functional spliceosome, which is likely to include protein 

components (Pena et al. 2008; Ritchie et al. 2008; Yang et al. 2008) and follow up with functional 

and structural/dynamics studies. 

All group II introns position the Exon 1 into correct orientation by base pairing with a guide 

sequence EBS1 of the ID3 stem loop terminus.  Formation of the active site involves positioning of 

the 3′ end of Exon 1 and the 5′ end of Exon 2 in proximity to each other as well as to the catalytic 

residues of the active site and always involves an interaction with the terminus of the ID3 stem loop.  

Two different types of group II introns (IIA and IIB) form two very distinct interactions that 

position Exon 2.  In the large, IIA-type introns the U9 of ID3, which is immediately upstream of the 

cleavage site forms a base pair with the first residue of Exon 2.  In the smaller, type IIB introns, the 

U9 residue forms a base pair with another residue in the intron forming the - ′ interaction, which 

in turn brings a residue that base pairs with the first residue of Exon 2 into the correct orientation.  

Given that the EBS1 of ID3 positions the cleavage site by forming the EBS1-IBS1 and - ′ pairing, 

it becomes clear that the structural role of U9 in these two types of introns is very different and that 

that the conformation of U9 in the two introns must be distinct.  The goal of investigating how 

these two systems: a) form these differing interactions, b) what the variations are in the positioning 

of the U9 base with respect to the cleavage site in the two systems, and c) how the orientation of the 

U9 base is stabilized in each conformation is an exciting new direction. 
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This is a system that displays evidence of dynamic behavior.  Determining whether the absence 

of defined structure of EBS1 if due to inherent disorder or conformational exchange would be the 

following step in the study of this system.  Exploring and quantifying dynamic properties of this 

system at different timescales would benefit our understanding of RNA dynamics in general.  

Riboses of ID3 displaying dynamic behavior could prove to be an especially valuable target for 

study.  Quantifying dynamic properties of riboses of ID3 could provide important information and 

better our understanding of dynamics of functional RNAs.  Excited state sugar conformations have 

previously been determined by utilizing a CPMG experiment (Korzhnev and Kay 2008; Palmer et al. 

2001), using riboses with a specifically labeled C2′ and C4′ (Johnson and Hoogstraten 2008). Also, 

determining whether chemical exchange occurs and distinguishing slow and fast exchange processes 

in the ID3 stemloop is important, given our initial observations dynamics (Ishima and Torchia 1999; 

Woessner 1996).  Useful information can be obtained about the populations, lifetimes and chemical 

shifts of excited states (Auer et al. 2010; Skrynnikov et al. 2001).  Large variations are observed in 

RNA dynamic behavior in different systems (Bothe et al. 2011).  RNAs have been shown to 

undergo redistribution of motions upon complex formation, rather than arrest of motion (Bardaro 

et al. 2009; Eldho and Dayie 2007; Shajani et al. 2007; Sun et al. 2007).  Therefore, in view of 

differing dynamic behavior of the 1Hs in the ID3 loop, quantifying dynamics of the ID3-IBS1 

complex as compared to the ID3 stem loop alone is a worthwhile pursuit. 
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APPENDIX 

CONSTRAINTS APPLIED FOR CALCULATION OF ID3 

STEM LOOP STRUCTURES 

Intraresidue, Interresidue and Long-range Distance Restraints 

Table 1.  Non_exchangeable_1H.tbl 

 

assign   (resid 2    and name  H8  )  (resid 2    and name  H3' )     3.416     1.025     1.025 
 
 assign   (resid 22   and name  H5  )  (resid 21   and name  H2'')     3.186     0.956     0.956 
 
 assign   (resid 23   and name  H1' )  (resid 23   and name  H2'')     2.435     0.715     0.731 
 
 assign   (resid 9    and name  H4' )  (resid 9    and name  H1' )     2.761     0.828     0.828 
 
 assign   (resid 20   and name  H8  )  (resid 21   and name  H5  )     4.101     1.230     1.230 
 
 assign   (resid 9    and name  H3' )  (resid 9    and name  H1' )     3.849     1.155     1.155 
 
 assign   (resid 12   and name  H1' )  (resid 12   and name  H4' )     3.291     0.987     0.987 
 
 assign   (resid 20   and name  H8  )  (resid 20   and name  H5'')     3.970     1.191     1.191 
 
 assign   (resid 4    and name  H6  )  (resid 4    and name  H5  )     2.827     0.848     0.848 
 
 assign   (resid 3    and name  H2'' )  (resid 4    and name  H6 )     2.905     0.871     0.871 
 
 assign   (resid 6    and name  H5  )  (resid 5    and name  H8  )     3.402     1.021     1.021 
 
 assign   (resid 22   and name  H6  )  (resid 22   and name  H5  )     2.605     0.782     0.782 
 
 assign   (resid 4    and name  H1' )  (resid 4    and name  H3' )     3.747     1.124     1.124 
 
 assign   (resid 1    and name  H8  )  (resid 1    and name  H5'')     3.172     0.951     0.951 
 
 assign   (resid 1    and name  H8  )  (resid 1    and name  H5' )     3.582     1.075     1.075 
 
 assign   (resid 2    and name  H8  )  (resid 1    and name  H1' )     3.487     1.046     1.046 
 
 assign   (resid 22   and name  H1' )  (resid 22   and name  H6  )     3.311     0.993     0.993 
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 assign   (resid 6    and name  H6  )  (resid 6    and name  H5  )     2.556     0.767     0.767 
 
 assign   (resid 1    and name  H8  )  (resid 1    and name  H2'')     3.537     1.061     1.061 
 
 assign   (resid 4    and name  H5  )  (resid 3    and name  H3' )     4.022     1.207     1.207 
 
 assign   (resid 15   and name  H1' )  (resid 15   and name  H2'')     2.872     0.861     0.861 
 
 assign   (resid 3    and name  H1' )  (resid 3    and name  H8  )     3.678     1.103     1.103 
 
 assign   (resid 4    and name  H1' )  (resid 4    and name  H2'')     2.500     1.064     1.064 
 
 assign   (resid 2    and name  H8  )  (resid 1    and name  H2'')     3.136     0.941     0.941 
 
 assign   (resid 3    and name  H8  )  (resid 3    and name  H5'')     3.974     1.192     1.192 
 
 assign   (resid 18   and name  H8  )  (resid 18   and name  H1' )     3.652     1.096     1.096 
 
 assign   (resid 6    and name  H1' )  (resid 6    and name  H3' )     3.119     0.936     0.936 
 
 assign   (resid 22   and name  H6  )  (resid 22   and name  H5' )     3.348     1.004     1.004 
 
 assign   (resid 9    and name  H2'' )  (resid 9    and name  H1')     2.551     0.765     0.765 
 
 assign   (resid 21   and name  H6  )  (resid 21   and name  H5' )     3.938     1.181     1.181 
 
 assign   (resid 6    and name  H6  )  (resid 6    and name  H1' )     3.581     1.074     1.074 
 
 assign   (resid 1    and name  H8  )  (resid 1    and name  H1' )     3.485     1.045     1.045 
 
 assign   (resid 17   and name  H2  )  (resid 17   and name  H1' )     4.511     1.353     1.353 
 
 assign   (resid 22   and name  H1' )  (resid 22   and name  H2'')     2.520     0.756     0.756 
 
 assign   (resid 22   and name  H6  )  (resid 21   and name  H2'')     2.458     0.737     0.737 
 
 assign   (resid 16   and name  H4' )  (resid 16   and name  H1' )     3.128     0.938     0.938 
 
 assign   (resid 6    and name  H2'')  (resid 7    and name  H1' )     3.657     1.097     1.097 
 
 assign   (resid 15   and name  H1' )  (resid 15   and name  H6  )     3.137     0.941     0.941 
 
 assign   (resid 21   and name  H3' )  (resid 21   and name  H6  )     2.956     0.887     0.887 
 
 assign   (resid 19   and name  H2'')  (resid 19   and name  H1' )     2.806     0.842     0.842 
 
 assign   (resid 22   and name  H1' )  (resid 22   and name  H4' )     3.379     1.014     1.014 
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 assign   (resid 21   and name  H1' )  (resid 21   and name  H2'')     2.627     0.788     0.788 
 
 assign   (resid 22   and name  H6  )  (resid 21   and name  H6  )     4.222     1.267     1.267 
 
 assign   (resid 21   and name  H6  )  (resid 21   and name  H5  )     2.719     0.816     0.816 
 
 assign   (resid 21   and name  H5  )  (resid 21   and name  H3' )     3.900     1.200     1.200 
 
 assign   (resid 21   and name  H1' )  (resid 21   and name  H6  )     3.507     1.052     1.052 
 
 assign   (resid 3    and name  H8  )  (resid 4    and name  H5  )     4.366     1.310     1.310 
 
 assign   (resid 8    and name  H2'')  (resid 8    and name  H1' )     2.632     0.790     0.790 
 
 assign   (resid 19   and name  H5  )  (resid 19   and name  H6  )     2.745     0.823     0.823 
 
 assign   (resid 2    and name  H8  )  (resid 2    and name  H1' )     3.752     1.125     1.125 
 
 assign   (resid 23   and name  H6  )  (resid 23   and name  H3' )     2.538     0.761     0.761 
 
 assign   (resid 2    and name  H8  )  (resid 2    and name  H5'')     3.541     1.062     1.062 
 
 assign   (resid 8    and name  H1' )  (resid 8    and name  H4' )     2.928     0.878     0.878 
 
 assign   (resid 22   and name  H1' )  (resid 22   and name  H3' )     3.645     1.093     1.093 
 
 assign   (resid 3    and name  H2'')  (resid 4    and name  H5  )     3.960     1.188     1.188 
 
 assign   (resid 5    and name  H1' )  (resid 5    and name  H8  )     3.491     1.047     1.047  
 
 assign   (resid 1    and name  H1' )  (resid 1    and name  H2'')     3.210     0.963     0.963 
 
 assign   (resid 8    and name  H1' )  (resid 8    and name  H3' )     3.868     1.160     1.160 
 
 assign   (resid 20   and name  H1' )  (resid 20   and name  H2'')     3.222     0.967     0.967 
 
 assign   (resid 7    and name  H1' )  (resid 7    and name  H4' )     3.225     0.968     0.968 
 
 assign   (resid 7    and name  H1' )  (resid 7    and name  H3' )     3.219     0.968     0.968 
 
 assign   (resid 15   and name  H1' )  (resid 15   and name  H4' )     3.259     0.978     0.978 
 
 assign   (resid 9    and name  H6  )  (resid 9    and name  H1' )     2.981     0.894     0.894 
 
 assign   (resid 14   and name  H1' )  (resid 14   and name  H4' )     3.348     1.004     1.004 
 
 assign   (resid 21   and name  H4' )  (resid 21   and name  H1' )     3.303     0.991     0.991 
 



149 
 

 assign   (resid 21   and name  H3' )  (resid 22   and name  H5  )     3.600     1.200     1.200 
 
 assign   (resid 21   and name  H3' )  (resid 21   and name  H1' )     3.300     1.200     1.200  
 
 assign   (resid 23   and name  H6  )  (resid 23   and name  H5  )     2.591     0.777     0.777 
 
 assign   (resid 18   and name  H8  )  (resid 17   and name  H1' )     4.321     1.296     1.296 
 
 assign   (resid 17   and name  H2  )  (resid 9    and name  H1' )     3.276     0.983     0.983 
 
 assign   (resid 10   and name  H1' )  (resid 10   and name  H4' )     3.138     0.941     0.941 
 
 assign   (resid 20   and name  H8  )  (resid 19   and name  H2'')     2.598     0.779     0.779 
 
 assign   (resid 20   and name  H8  )  (resid 20   and name  H1' )     3.725     1.117     1.117 
 
 assign   (resid 3    and name  H8  )  (resid 4    and name  H6  )     5.164     1.549     1.549 
 
 assign   (resid 11   and name  H1' )  (resid 11   and name  H5' )     3.211     0.963     1.800 
 
 assign   (resid 23   and name  H1' )  (resid 23   and name  H3' )     4.000     0.845     0.845 
 
 assign   (resid 5    and name  H1' )  (resid 20   and name  H2  )     3.260     0.978     0.978 
 
 assign   (resid 3    and name  H2'')  (resid 3    and name  H1' )     2.964     0.889     0.889 
 
 assign   (resid 3    and name  H1' )  (resid 4    and name  H6  )     3.797     1.139     1.139 
 
 assign   (resid 21   and name  H6  )  (resid 21   and name  H5'')     3.805     1.141     1.141 
 
 assign   (resid 20   and name  H1' )  (resid 21   and name  H6  )     4.113     1.234     1.234 
 
 assign   (resid 21   and name  H3' )  (resid 22   and name  H6  )     3.308     0.992     0.992 
 
 assign   (resid 6    and name  H2'')  (resid 6    and name  H1' )     2.667     0.800     0.800 
 
 assign   (resid 3    and name  H8  )  (resid 3    and name  H3' )     3.524     1.057     1.057 
 
 assign   (resid 23   and name  H6  )  (resid 23   and name  H2'')     2.830     0.849     0.849 
 
 assign   (resid 22   and name  H6  )  (resid 22   and name  H5'')     3.715     1.114     1.114 
 
 assign   (resid 23   and name  H6  )  (resid 23   and name  H1' )     3.379     1.014     1.014 
 
 assign   (resid 2    and name  H8  )  (resid 3    and name  H8  )     4.732     1.420     1.420 
 
 assign   (resid 19   and name  H5  )  (resid 18   and name  H3' )     3.494     1.048     1.048 
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 assign   (resid 1    and name  H1' )  (resid 1    and name  H3' )     4.091     1.227     1.227 
 
 assign   (resid 19   and name  H6  )  (resid 18   and name  H1' )     3.617     1.085     1.085 
 
 assign   (resid 20   and name  H8  )  (resid 19   and name  H1' )     3.772     1.132     1.132 
 
 assign   (resid 22   and name  H2'')  (resid 23   and name  H6  )     2.514     0.754     0.754 
 
 assign   (resid 21   and name  H6  )  (resid 21   and name  H2'')     3.523     1.057     1.057 
 
 assign   (resid 17   and name  H2  )  (resid 18   and name  H1' )     3.527     1.058     1.058 
 
 assign   (resid 6    and name  H6  )  (resid 5    and name  H1' )     4.399     1.320     1.320 
 
 assign   (resid 6    and name  H6  )  (resid 5    and name  H3' )     3.500     1.000     1.000 
 
 assign   (resid 20   and name  H8  )  (resid 20   and name  H5' )     4.259     1.278     1.278 
 
 assign   (resid 21   and name  H1' )  (resid 20   and name  H2  )     3.198     0.959     0.959 
 
 assign   (resid 4    and name  H1' )  (resid 4    and name  H6  )     3.575     1.072     1.072 
 
 assign   (resid 3    and name  H8  )  (resid 3    and name  H5' )     3.544     1.063     1.063 
 
 assign   (resid 3    and name  H8  )  (resid 2    and name  H1' )     4.595     1.379     1.379 
 
 assign   (resid 19   and name  H1' )  (resid 19   and name  H6  )     3.836     1.151     1.151 
  
 assign   (resid 21   and name  H6  )  (resid 21   and name  H5' )     3.600     1.080     1.080  
 
 
 
 assign   (resid 11   and name  H1' )  (resid 11   and name  H2'')     3.500     1.000     1.100 
 
!assign   (resid 12   and name  H1' )  (resid 12   and name  H2'')     3.500     1.000     1.100 
 
!assign   (resid 14   and name  H1' )  (resid 14   and name  H2'')     3.500     1.000     1.100  
 
 assign   (resid 16   and name  H1' )  (resid 16   and name  H2'')     3.500     1.000     1.100  
 
 assign   (resid 9    and name  H5  )  (resid 8    and name  H2'')     3.800     1.200     1.200 
 
 assign   (resid 8    and name  H5  )  (resid 8    and name  H2'')     3.900     1.200     1.200 
 
 assign   (resid 6    and name  H6  )  (resid 6    and name  H3' )     3.500     1.200     1.200 
 
 assign   (resid 9    and name  H2'')  (resid 9    and name  H6  )     2.500     0.800     0.800 
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 assign   (resid 5    and name  H3' )  (resid 5    and name  H8  )     3.300     1.000     1.000 
 
 assign   (resid 22   and name  H3' )  (resid 22   and name  H6  )     3.000     1.000     1.000 
 
 assign   (resid 5    and name  H8  )  (resid 5    and name  H5' )     3.000     1.000     1.000 
   
 assign   (resid 5    and name  H8  )  (resid 5    and name  H5'')     4.000     1.000     1.000 
  
 assign   (resid 9    and name  H5'')  (resid 9    and name  H6  )     3.500     1.000     1.000 
 
 assign   (resid 9    and name  H5'')  (resid 9    and name  H1' )     3.500     0.800     1.500   
 
!assign   (resid 15   and name  H5'')  (resid 14   and name  H1' )     3.500     1.100     1.100   
 
 assign   (resid 5    and name  H8  )  (resid 4    and name  H1' )     4.045     0.607     1.213 
 
 assign   (resid 18   and name  H8  )  (resid 18   and name  H4' )     3.500     1.100       1.100 
 
 assign   (resid 18   and name  H8  )  (resid 17   and name  H2'')     3.700     1.100     2.000 
 
 assign   (resid 22   and name  H1' )  (resid 23   and name  H6  )     4.000     1.000     1.000   
 
 assign   (resid 9    and name  H6  )  (resid 8    and name  H1' )     4.000     1.000     1.000 
 
 assign   (resid 22   and name  H6  )  (resid 21   and name  H1' )     4.000  1.000     1.000  
 
 assign   (resid 15   and name  H2'')  (resid 15   and name  H6  )     2.584     0.500     1.000 
 
  
 
 assign   (resid 21   and name  H6  )  (resid 20   and name  H2'')     2.600     1.000     1.000    
 
 assign   (resid 8    and name  H2'')  (resid 9    and name  H6  )     2.542     0.500     1.000 
 
 assign   (resid 23   and name  H6  )  (resid 23   and name  H4' )     4.000     1.000     1.000 
 
 assign   (resid 23   and name  H3' )  (resid 23   and name  H5  )     4.000     1.000     1.000  
 
 assign   (resid 21   and name  H6  )  (resid 21   and name  H4' )     4.000     1.200     1.200 
 
 assign   (resid 9    and name  H2'')  (resid 9    and name  H5  )     4.000     1.500     1.500 
 
  
  
!A7H2 
 
 assign   (resid 17   and name  H2  )  (resid 7    and name  H2  )     3.800     1.500     2.000 
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 assign   (resid 7    and name  H2  )  (resid 9    and name  H5  )     4.800     0.500     2.500 
 
 assign   (resid 8    and name  H1' )  (resid 7    and name  H2  )     3.378     1.013     1.013 
 
 assign   (resid 9    and name  H1' )  (resid 7    and name  H2  )     4.366     1.310     1.310 
 
 assign   (resid 7    and name  H2  )  (resid 7    and name  H1' )     4.879     1.464     1.464 
 
 assign   (resid 18   and name  H1' )  (resid 7    and name  H2  )     3.714     1.114     1.114   
 
 
 
!A7H8 
 
 assign   (resid 7    and name  H8  )  (resid 8    and name  H5  )     4.000     1.000     1.000 
 
 assign   (resid 7    and name  H8  )  (resid 6    and name  H6  )     4.057     1.300     2.000 
 
 assign   (resid 7    and name  H8  )  (resid 6    and name  H2'')     2.859     0.858     0.858 
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H3' )     4.300     1.300     1.300 
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H4' )     4.400     1.300     1.300 
 
 assign   (resid 7    and name  H8  )  (resid 6    and name  H1' )     4.218     1.265     1.265 
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H2'')     4.207     1.262     1.262 
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H5'')     3.380     1.014     1.014 
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H5' )     4.037     1.211     1.211  
 
 assign   (resid 7    and name  H8  )  (resid 7    and name  H1' )     3.334     1.000     1.000 
 
 
 
!U8H6 
 
 assign   (resid 8    and name  H2'')  (resid 8    and name  H6  )     2.657     0.797     0.797 
 
 assign   (resid 8    and name  H6  )  (resid 9    and name  H5  )     4.000     1.200     1.200 
 
 assign   (resid 8    and name  H6  )  (resid 7    and name  H1' )     4.165     1.249     1.249 
 
 assign   (resid 8    and name  H6  )  (resid 8    and name  H5'')     3.285     0.986     0.986 
 
 assign   (resid 8    and name  H6  )  (resid 8    and name  H5  )     2.491     0.747     0.747 
 



153 
 

 assign   (resid 8    and name  H6  )  (resid 8    and name  H1' )     3.135     0.941     0.941 
 
 assign   (resid 8    and name  H3' )  (resid 8    and name  H6  )     3.000     1.000     1.000 
 
 assign   (resid 8    and name  H6  )  (resid 7    and name  H2'')     3.300     1.100     1.100 
 
 assign   (resid 7    and name  H2  )  (resid 8    and name  H6  )     4.000     1.100     2.000  
 
 assign   (resid 8    and name  H6  )  (resid 7    and name  H8  )     4.000     1.200     2.000 
 
  
 
!G10 H8 
 
 assign   (resid 10   and name  H8  )  (resid 9    and name  H2'')     3.045     0.914     0.914 
 
 assign   (resid 9    and name  H3' )  (resid 10   and name  H8  )     3.543     1.063     1.063 
 
 assign   (resid 9    and name  H4' )  (resid 10   and name  H8  )     3.800     1.100     2.000  
 
 assign   (resid 11   and name  H4' )  (resid 10   and name  H8  )     3.800     1.100     2.000   
  
 assign   (resid 10   and name  H8  )  (resid 10   and name  H2'')     3.481     1.044     1.044   
 
 assign   (resid 10   and name  H8  )  (resid 10   and name  H4' )     4.000     1.200     1.500  
 
 assign   (resid 10   and name  H8  )  (resid 9    and name  H1' )     4.129     1.500     1.500 
 
 assign   (resid 10   and name  H8  )  (resid 10   and name  H1' )     2.600     0.900     0.900 
  
 
 
!G11 H8 
 
  
 assign   (resid 11   and name  H8  )  (resid 9    and name  H4' )     4.000     1.100     2.000  
 
 assign   (resid 11   and name  H8  )  (resid 10   and name  H4' )     4.000     1.100     2.000  
 
 assign   (resid 11   and name  H8  )  (resid 11   and name  H4' )     4.000     1.100     2.000 
 
 assign   (resid 11   and name  H8  )  (resid 11   and name  H5' )     3.386     1.016     2.000 
 
 assign   (resid 11   and name  H1' )  (resid 11   and name  H8  )     2.548     0.764     0.764 
 
  
 
!A12 H8 
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 assign   (resid 12   and name  H8  )  (resid 12   and name  H5' )     3.326     0.998     0.998 
 
 assign   (resid 12   and name  H8  )  (resid 12   and name  H5'')     3.414     1.024     1.024 
 
 assign   (resid 12   and name  H1' )  (resid 12   and name  H8  )     3.179     0.954     0.954  
 
 assign   (resid 12   and name  H4' )  (resid 12   and name  H8  )     4.000     2.500     2.500  
 
 
!A12 H2 
 
 assign   (resid 11   and name  H1' )  (resid 12   and name  H2  )     4.500     1.500     2.500  
  
 assign   (resid 13   and name  H1' )  (resid 12   and name  H2  )     4.000     1.000     2.000 
 
 
!A13 H8 
  
 
 assign   (resid 13   and name  H8  )  (resid 13   and name  H1' )     3.200     1.200     1.200 
  
 
 
 
!A13 H2 
 
 
 assign   (resid 14   and name  H1' )  (resid 13   and name  H2  )     4.000     1.000     2.500 
 
 assign   (resid 13   and name  H2  )  (resid 13   and name  H1' )     4.000     1.000     2.500 
 
 
 
 
!A14 H8 
 
 assign   (resid 14   and name  H8  )  (resid 14   and name  H5' )     3.202     0.960     2.000 
 
 assign   (resid 14   and name  H8  )  (resid 14   and name  H5'')     3.181     0.954     2.000  
 
 assign   (resid 14   and name  H8  )  (resid 14   and name  H1' )     3.200     1.200     1.200  
 
 assign   (resid 14   and name  H8  )  (resid 14   and name  H2'')     3.600     1.000     1.000 
 
!assign   (resid 14   and name  H8  )  (resid 14   and name  H5'')     3.812     1.144     1.144 
 
 assign   (resid 14   and name  H8  )  (resid 15   and name  H2'')     4.000     1.000     2.000 
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!A14 H2 
 
 assign   (resid 14   and name  H2  )  (resid 11   and name  H1' )     4.000     0.500     2.500 
 
 assign   (resid 14   and name  H2  )  (resid 15   and name  H1' )     4.000     1.000     2.000 
  
 assign   (resid 14   and name  H2  )  (resid 13   and name  H1' )     4.000     1.000     2.500 
 
 
 
!G16 H8 
 assign   (resid 16   and name  H8  )  (resid 16   and name  H5'')     3.183     0.500     0.955 
 
 assign   (resid 16   and name  H8  )  (resid 16   and name  H5' )     3.184     0.500     0.955 
 
 assign   (resid 15   and name  H3' )  (resid 16   and name  H8  )     4.000     0.500     2.500 
  
 assign   (resid 16   and name  H8  )  (resid 16   and name  H4' )     4.000     1.000     1.500  
 
 assign   (resid 15   and name  H1' )  (resid 16   and name  H8  )     4.477     1.343     1.343 
 
 assign   (resid 16   and name  H8  )  (resid 16   and name  H1' )     2.997     0.899     0.899 
 
 assign   (resid 15   and name  H2'')  (resid 16   and name  H8  )     3.538     1.062     1.062 
 
 assign   (resid 16   and name  H8  )  (resid 16   and name  H2'')     4.000     1.000     1.500 
 
 assign   (resid 15   and name  H4' )  (resid 16   and name  H8  )     4.000     0.500     2.500 
 
 assign   (resid 14   and name  H1' )  (resid 16   and name  H8  )     4.600     1.000     2.000 
 
 assign   (resid 16   and name  H8  )  (resid 15   and name  H6  )     3.300     1.100     1.500 
 
 assign   (resid 17   and name  H2  )  (resid 16   and name  H8  )     4.500     0.500     2.500 
 
 assign   (resid 17   and name  H8  )  (resid 16   and name  H8  )     4.500     1.000     2.000  
 
 assign   (resid 16   and name  H8  )  (resid 15   and name  H5  )     4.500     1.000     2.000 
 
 
 
!A17 H8 
 assign   (resid 17   and name  H5' )  (resid 17   and name  H8  )     3.583     1.075     1.075 
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 assign   (resid 17   and name  H5'')  (resid 17   and name  H8  )     3.800     1.100     1.100 
 
 assign   (resid 17   and name  H1' )  (resid 17   and name  H8  )     3.483     1.045     1.045   
  
 assign   (resid 17   and name  H2'')  (resid 17   and name  H8  )     4.072     1.222     1.222 
  
 assign   (resid 16   and name  H1' )  (resid 17   and name  H8  )     4.202     1.261     1.261 
 
 assign   (resid 17   and name  H8  )  (resid 16   and name  H2'')     4.000     1.200     1.200 
 
  
 
 
 
assign   (resid 9    and name  H6  )  (resid 9    and name  H3' )     3.000     1.000     1.000 
 
 assign   (resid 17   and name  H2'')  (resid 17   and name  H1' )     3.500     1.300     1.300 
 
 assign   (resid 17   and name  H3' )  (resid 17   and name  H1' )     5.000     1.500     1.500 
  
!assign   (resid 14   and name  H1' )  (resid 15   and name  H6  )     6.500     0.500     1.500 
 
!assign   (resid 8    and name  H3' )  (resid 9    and name  H5  )     4.000     1.200 1.200 
     
 assign   (resid 13   and name  H1' )  (resid 13   and name  H4' )     3.335     1.000     1.000 
 
 
!G18 H3' 
 assign   (resid 18   and name  H8  )  (resid 18   and name  H3' )     3.400     1.200     1.200 
 
 assign   (resid 19   and name  H6  )  (resid 18   and name  H3' )     3.200     1.200     1.200 
 
 
 
!Base-Base NOEs in the loop 
 
  
 assign   (resid 13   and name  H8  )  (resid 14   and name  H2  )     3.500     1.000     2.000 
 
 assign   (resid 17   and name  H2  )  (resid 9    and name  H5  )     4.500     1.200     2.500 
 
 assign   (resid 11   and name  H8  )  (resid 9    and name  H5  )     4.400     1.200     2.200 
 
 assign   (resid 19   and name  H6  )  (resid 20   and name  H8  )     4.200     1.300     1.300 
 
 assign   (resid 22   and name  H6  )  (resid 23   and name  H6  )     3.500     1.000     1.000 
 
 assign   (resid 10   and name  H8  )  (resid 9    and name  H6  )     3.300     1.100     1.500 
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 assign   (resid 1    and name  H8  )  (resid 2    and name  H8  )     4.000     1.000     2.000 
 
 assign   (resid 14   and name  H2  )  (resid 15   and name  H6  )     4.000     1.000     2.000 
 
 assign   (resid 14   and name  H8  )  (resid 15   and name  H6  )     4.000     1.000     2.000 
 
  
 
 
assign   (resid  7   and name  H2'')  (resid 8    and name  H5  )     4.200     0.500     2.000  
 
 assign   (resid 14   and name  H1' )  (resid 15   and name  H6  )     4.000     1.000     2.000  
 
 assign   (resid 20   and name  H2'')  (resid 21   and name  H5  )     4.100     1.000     1.200  
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Exchangeable 1H Distance Restraints 

Table 2.  Exchangeable_1H.tbl 

 

assign   (resid 5    and name  H1  )  (resid 19   and name  H41 )     3.284     0.985     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 5    and name  H22 )     3.508     1.052     2.000 
 
 assign   (resid 2    and name  H1  )  (resid 22   and name  H41 )     3.103     0.931     2.000 
 
 assign   (resid 4    and name  H3  )  (resid 21   and name  H41 )     4.040     1.212     2.000 
 
 assign   (resid 2    and name  H1  )  (resid 2    and name  H21 )     3.819     1.600     2.000 
 
 assign   (resid 21   and name  H41 )  (resid 3    and name  H1  )     3.071     0.921     2.000 
 
 assign   (resid 2    and name  H1  )  (resid 3    and name  H1  )     4.537     1.361     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 6    and name  H3  )     5.016     1.505     2.000 
 
 assign   (resid 2    and name  H1  )  (resid 2    and name  H22 )     4.014     1.204     2.000 
 
 assign   (resid 3    and name  H8  )  (resid 2    and name  H2'' )     2.716     0.815     0.815 
 
 assign   (resid 2    and name  H1  )  (resid 22   and name  H42 )     3.490     1.047     2.000 
 
 assign   (resid 6    and name  H3  )  (resid 18   and name  H1  )     3.000     1.761     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 18   and name  H1  )     5.454     1.636     2.000 
 
 assign   (resid 3    and name  H1  )  (resid 3    and name  H21 )     3.572     1.600     2.000 
 
 assign   (resid 4    and name  H3  )  (resid 20   and name  H62 )     3.587     1.076     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 5    and name  H21 )     3.704     1.600     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 4    and name  H3  )     4.989     1.497     2.000 
 
 assign   (resid 4    and name  H3  )  (resid 20   and name  H61 )     3.585     1.075     2.000 
 
 assign   (resid 5    and name  H1  )  (resid 19   and name  H42 )     3.596     1.079     2.000 
 
 assign   (resid 5    and name  H8  )  (resid 4    and name  H2'' )     2.686     0.806     0.806 
 
 assign   (resid 3    and name  H1  )  (resid 3    and name  H22 )     3.647     1.094     2.000 
 



159 
 

 assign   (resid 4    and name  H3  )  (resid 3    and name  H1  )     3.836     1.151     2.000 
 
 assign   (resid 20   and name  H2  )  (resid 4    and name  H3  )     2.875     0.863     0.863 
 
 assign   (resid 3    and name  H1' )  (resid 2    and name  H1  )     3.843     1.153     2.000 
 
 assign   (resid 3    and name  H1  )  (resid 21   and name  H42 )     3.484     1.045     2.000 
 
 assign   (resid 18   and name  H1  )  (resid 18   and name  H22 )     4.082     1.225     2.000 
 
 assign   (resid 20   and name  H8  )  (resid 19   and name  H2'' )     2.630     0.789     0.789 
 
 assign   (resid 2    and name  H1  )  (resid 21   and name  H42 )     4.087     1.226     2.000 
 
 assign   (resid 3    and name  H1  )  (resid 22   and name  H42 )     4.205     1.262     2.000 
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Hydrogen Bond Restraints 

Table 3.  Hbond.tbl 

 
 
!  ai5gamma ID3 hairpin 
!    base-pair H-Bond restraints. 
! 
! 
! Gua 1 - Cyt 23 
 
assign (resid 1 and name N1) (resid 23 and name N3) 2.87 .2 .2 
assign (resid 1 and name H1) (resid 23 and name N3) 1.86 0.2 0.2 
assign (resid 1 and name O6) (resid 23 and name N4) 2.81 .2 .2 
assign (resid 1 and name N2) (resid 23 and name O2) 2.81 .2 .2 
assign (resid 1 and name N2) (resid 23 and name N3) 3.58 0.2 0.2 
assign (resid 1 and name O6) (resid 23 and name N3) 3.63 0.2 0.2 
 
 
! Gua 2 - Cyt 22 
 
assign (resid 2 and name N1) (resid 22 and name N3) 2.87 .2 .2 
assign (resid 2 and name H1) (resid 22 and name N3) 1.86 0.2 0.2 
assign (resid 2 and name O6) (resid 22 and name N4) 2.81 .2 .2 
assign (resid 2 and name N2) (resid 22 and name O2) 2.81 .2 .2 
assign (resid 2 and name N2) (resid 22 and name N3) 3.58 0.2 0.2 
assign (resid 2 and name O6) (resid 22 and name N3) 3.63 0.2 0.2 
 
 
! Gua 3 - Cyt 21 
 
assign (resid 3 and name N1) (resid 21 and name N3) 2.87 .2 .2 
assign (resid 3 and name H1) (resid 21 and name N3) 1.86 0.2 0.2 
assign (resid 3 and name O6) (resid 21 and name N4) 2.81 .2 .2 
assign (resid 3 and name N2) (resid 21 and name O2) 2.81 .2 .2 
assign (resid 3 and name N2) (resid 21 and name N3) 3.58 0.2 0.2 
assign (resid 3 and name O6) (resid 21 and name N3) 3.63 0.2 0.2 
 
 
! Uri 4 - Ade 20 
 
assign (resid 4 and name H3) (resid 20 and name N1) 1.93 .2 .2 
assign (resid 4 and name N3) (resid 20 and name N1) 2.95 .2 0.2 
assign (resid 4 and name O4) (resid 20 and name N6) 2.83 .2 .2 
assign (resid 4 and name O4) (resid 20 and name H61) 1.82 0.2 0.2 
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! Gua 5 - Cyt 19 
 
assign (resid 5 and name N1) (resid 19 and name N3) 2.87 .2 .2 
assign (resid 5 and name H1) (resid 19 and name N3) 1.86 0.2 0.2 
assign (resid 5 and name O6) (resid 19 and name N4) 2.81 .2 .2 
assign (resid 5 and name N2) (resid 19 and name O2) 2.81 .2 .2 
assign (resid 5 and name N2) (resid 19 and name N3) 3.58 0.2 0.2 
assign (resid 5 and name O6) (resid 19 and name N3) 3.63 0.2 0.2 
 
 
 
 
! 
!  Uri 6 - Gua 18  *standard anti-anti G-U wObble pair 
assign (resid 6 and name H3) (resid 18 and name O6)   1.9 0.1 0.30 
assign (resid 6 and name N3) (resid 18 and name O6)   3.0 0.28 0.08 
assign (resid 6 and name O2) (resid 18 and name H1)   1.9 0.1 0.30 
assign (resid 6 and name O2) (resid 18 and name N1)   3.0 0.28 0.08 
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Dihedral Angle Restraints 

Table 4.  ID3dihed.tbl 

 

!  TOrsiOn angle restraints for sugar PuCker in the  
! ai5gamma ID3 stemlOOP RNA  
!   MP  06/16/11 
! 
!  PuCker is defined with ribOse tOrsiOn angles nu1 and nu2. 
!  nu1 = O4'-C1'-C2'-C3' 
!  nu2 = C1'-C2'-C3'-C4' 
! "N" C3' endO: 
!  nu1 = -20 +/- 10 
!  nu2 = +35 +/-  5 
!               delta= 80 +/- 20  
! "S" C2' endO: 
!  nu1 = +35 +/-  5 
!  nu2 = -35 +/-  5 
!               delta=140 +/- 20 
! See Saenger Page 20. 
! 
!  C2' endO nuCleOtides: 
! 
! Uri 8 
assign (resid 8 and name O4') 
       (resid 8 and name C1') 
       (resid 8 and name C2') 
       (resid 8 and name C3') 1.0  35.0  5.0 2 
assign (resid 8 and name C1') 
       (resid 8 and name C2') 
       (resid 8 and name C3') 
       (resid 8 and name C4') 1.0 -35.0  5.0 2 
assign (resid 8 and name C5') (resid 8 and name C4') 
       (resid 8 and name C3') (resid 8 and name O3') 1.0 140.0 20.0 2 
 
! Uri 9 
assign (resid 9 and name O4') 
 
 
 
       (resid 9 and name C1') 
       (resid 9 and name C2') 
       (resid 9 and name C3') 1.0  35.0  5.0 2 
assign (resid 9 and name C1') 
       (resid 9 and name C2') 
       (resid 9 and name C3') 
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       (resid 9 and name C4') 1.0 -35.0  5.0 2 
 
assign (resid 9 and name C5') (resid 9 and name C4') 
       (resid 9 and name C3') (resid 9 and name O3') 1.0 140.0 20.0 2 
 
! Uri 15 
assign (resid 15 and name C5') (resid 15 and name C4') 
       (resid 15 and name C3') (resid 15 and name O3') 1.0 140.0 20.0 2 
 
assign (resid 15 and name O4') 
       (resid 15 and name C1') 
       (resid 15 and name C2') 
       (resid 15 and name C3') 1.0  35.0  5.0 2 
assign (resid 15 and name C1') 
       (resid 15 and name C2') 
       (resid 15 and name C3') 
       (resid 15 and name C4') 1.0 -35.0  5.0 2 
 
 
!  C3' endo nuCleOtides:   
! 
! Gua  1 
 
!assign (resid  1 and name O4') 
!       (resid  1 and name C1') 
!       (resid  1 and name C2') 
!       (resid  1 and name C3') 1.0 -20.0 10.0 2 
!assign (resid  1 and name C1') 
!       (resid  1 and name C2') 
!       (resid  1 and name C3') 
!       (resid  1 and name C4') 1.0  35.0 5.0 2 
 
assign (resid 1 and name C5') (resid 1 and name C4') 
       (resid 1 and name C3') (resid 1 and name O3') 1.0 80.0 60.0 2 
 
 
! Gua  2 
 
assign (resid  2 and name O4') 
       (resid  2 and name C1') 
       (resid  2 and name C2') 
       (resid  2 and name C3') 1.0 -20.0 10.0 2 
assign (resid  2 and name C1') 
       (resid  2 and name C2') 
       (resid  2 and name C3') 
       (resid  2 and name C4') 1.0  35.0 5.0 2 
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assign (resid 2 and name C5') (resid 2 and name C4') 
       (resid 2 and name C3') (resid 2 and name O3') 1.0 80.0 20.0 2 
 
! 
! Gua  3 
 
assign (resid  3 and name O4') 
       (resid  3 and name C1') 
       (resid  3 and name C2') 
       (resid  3 and name C3') 1.0 -20.0 10.0 2 
assign (resid  3 and name C1') 
       (resid  3 and name C2') 
       (resid  3 and name C3') 
       (resid  3 and name C4') 1.0  35.0 5.0 2 
 
 
assign (resid 3 and name C5') (resid 3 and name C4') 
       (resid 3 and name C3') (resid 3 and name O3') 1.0 80.0 20.0 2 
 
! 
! Uri  4 
 
assign (resid  4 and name O4') 
       (resid  4 and name C1') 
       (resid  4 and name C2') 
       (resid  4 and name C3') 1.0 -20.0 10.0 2 
assign (resid  4 and name C1') 
       (resid  4 and name C2') 
       (resid  4 and name C3') 
       (resid  4 and name C4') 1.0  35.0 5.0 2 
 
 
assign (resid 4 and name C5') (resid 4 and name C4') 
       (resid 4 and name C3') (resid 4 and name O3') 1.0 80.0 20.0 2 
 
! 
! Gua  5 
 
assign (resid  5 and name O4') 
       (resid  5 and name C1') 
       (resid  5 and name C2') 
       (resid  5 and name C3') 1.0 -20.0 10.0 2 
assign (resid  5 and name C1') 
       (resid  5 and name C2') 
       (resid  5 and name C3') 
       (resid  5 and name C4') 1.0  35.0 5.0 2 
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assign (resid 5 and name C5') (resid 5 and name C4') 
       (resid 5 and name C3') (resid 5 and name O3') 1.0 80.0 20.0 2 
 
 
 
!G18 
assign (resid 18 and name C5') (resid 18 and name C4') 
       (resid 18 and name C3') (resid 18 and name O3') 1.0 80.0 60.0 2 
 
!assign (resid 18 and name O4') 
!       (resid 18 and name C1') 
!       (resid 18 and name C2') 
!       (resid 18 and name C3') 1.0 -20.0 20.0 2 
!       (resid 18 and name C3') 
!       (resid 18 and name C4') 1.0 35.0 10.0 2 
! 
! Cyt 19 
 
assign (resid 19 and name O4') 
       (resid 19 and name C1') 
       (resid 19 and name C2') 
       (resid 19 and name C3') 1.0 -20.0 20.0 2 
assign (resid 19 and name C1') 
       (resid 19 and name C2') 
       (resid 19 and name C3') 
       (resid 19 and name C4') 1.0  35.0 10.0 2 
 
 
 
assign (resid 19 and name C5') (resid 19 and name C4') 
       (resid 19 and name C3') (resid 19 and name O3') 1.0 80.0 40.0 2 
 
! 
! Ade 20 
 
assign (resid 20 and name O4') 
       (resid 20 and name C1') 
       (resid 20 and name C2') 
       (resid 20 and name C3') 1.0 -20.0 10.0 2 
assign (resid 20 and name C1') 
       (resid 20 and name C2') 
       (resid 20 and name C3') 
       (resid 20 and name C4') 1.0  35.0 5.0 2 
 
assign (resid 20 and name C5') (resid 20 and name C4') 
       (resid 20 and name C3') (resid 20 and name O3') 1.0 80.0 20.0 2 
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! 
! Cyt 21 
 
assign (resid 21 and name O4') 
       (resid 21 and name C1') 
       (resid 21 and name C2') 
       (resid 21 and name C3') 1.0 -20.0 10.0 2 
assign (resid 21 and name C1') 
       (resid 21 and name C2') 
       (resid 21 and name C3') 
       (resid 21 and name C4') 1.0  35.0 5.0 2 
 
 
assign (resid 21 and name C5') (resid 21 and name C4') 
       (resid 21 and name C3') (resid 21 and name O3') 1.0 80.0 20.0 2 
 
! 
! Cyt 22 
 
assign (resid 22 and name O4') 
       (resid 22 and name C1') 
       (resid 22 and name C2') 
       (resid 22 and name C3') 1.0 -20.0 10.0 2 
assign (resid 22 and name C1') 
       (resid 22 and name C2') 
       (resid 22 and name C3') 
       (resid 22 and name C4') 1.0  35.0 5.0 2 
 
 
assign (resid 22 and name C5') (resid 22 and name C4') 
       (resid 22 and name C3') (resid 22 and name O3') 1.0 80.0 20.0 2 
 
!       Cyt 23 
 
!assign (resid 23 and name O4') 
!       (resid 23 and name C1') 
!       (resid 23 and name C2') 
!       (resid 23 and name C3') 1.0 -20.0 10.0 2 
!assign (resid 23 and name C1') 
!       (resid 23 and name C2') 
!       (resid 23 and name C3') 
!       (resid 23 and name C4') 1.0  35.0 5.0 2 
 
 
assign (resid 23 and name C5') (resid 23 and name C4') 
       (resid 23 and name C3') (resid 23 and name O3') 1.0 80.0 60.0 2 
 
! 
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! 
!  TOrsiOn angle restraints fOr the xhi tOrsiOn angle in the 
!       ai5gamma ID3 stemloop 
! 
!   is defined as fOllOws... 
!               Purines     = O4'-C1'-N9-C4 
!               Pyrimidines = O4'-C1'-N1-C2 
! Anti: 
!  Chi = 180.0 +/- 90.0 
!   inCluding high-anti and exCluding high-syn: 
!  chi = -150.0 +/- 90.0 
! Syn: 
!  Chi =   0.0 +/- 90.0 
!       See Saenger Page 22. 
! 
 
!     based on intense H1'-H8 NOE Observed, G11 syn  
! 
assign (resid  1 and name O4') (resid  1 and name C1') 
       (resid  1 and name N9 ) 
       (resid  1 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid  2 and name O4') (resid  2 and name C1') 
       (resid  2 and name N9 ) 
       (resid  2 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid  3 and name O4') (resid  3 and name C1') 
       (resid  3 and name N9 ) 
       (resid  3 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid  4 and name O4') (resid  4 and name C1') 
       (resid  4 and name N1 ) 
       (resid  4 and name C2 ) 1.0 -150.0 90.0 2 
 
assign (resid  5 and name O4') (resid  5 and name C1') 
       (resid  5 and name N9 ) 
       (resid  5 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid  6 and name O4') (resid  6 and name C1') 
       (resid  6 and name N1 ) 
       (resid  6 and name C2 ) 1.0 -150.0 90.0 2 
 
assign (resid  7 and name O4') (resid  7 and name C1') 
       (resid  7 and name N9 ) 
       (resid  7 and name C4 ) 1.0 -180.0 90.0 2 
 
assign (resid  8 and name O4') (resid  8 and name C1') 
       (resid  8 and name N1 ) 
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       (resid  8 and name C2 ) 1.0 -125.0 30.0 2 
!U9 
assign (resid  9 and name O4') (resid  9 and name C1') 
       (resid  9 and name N1 ) 
       (resid  9 and name C2 ) 1.0 -125.0 30.0 2 
 
assign (resid 10 and name O4') (resid 10 and name C1') 
       (resid 10 and name N9 ) 
       (resid 10 and name C4 ) 1.0 -180.0 90.0 2 
 
!G11 looks syn 
assign (resid 11 and name O4') (resid 11 and name C1') 
       (resid 11 and name N9 ) 
       (resid 11 and name C4 ) 1.0 0.0 90.0 2 
 
!A12 
assign (resid 12 and name O4') (resid 12 and name C1') 
       (resid 12 and name N9 ) 
       (resid 12 and name C4 ) 1.0 -180.0 90.0 2 
 
! Ade13 and A14 left unrestrained, mOst likely averaged 
assign (resid 13 and name O4') (resid 13 and name C1') 
       (resid 13 and name N1 ) 
       (resid 13 and name C2 ) 1.0 -180.0 90.0 2 
 
! A14  
assign (resid 14 and name O4') (resid 14 and name C1') 
       (resid 14 and name N9 ) 
       (resid 14 and name C4 ) 1.0 -180.0 90.0 2 
 
!U15 
assign (resid 15 and name O4') (resid 15 and name C1') 
       (resid 15 and name N1 ) 
       (resid 15 and name C2 ) 1.0 -125.0 30.0 2 
!G16 
assign (resid 16 and name O4') (resid 16 and name C1') 
       (resid 16 and name N9 ) 
       (resid 16 and name C4 ) 1.0 -180.0 90.0 2 
!A17 
assign (resid 17 and name O4') (resid 17 and name C1') 
       (resid 17 and name N9 ) 
       (resid 17 and name C4 ) 1.0 -180.0 90.0 2 
 
assign (resid 18 and name O4') (resid 18 and name C1') 
       (resid 18 and name N9 ) 
       (resid 18 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid 19 and name O4') (resid 19 and name C1') 
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       (resid 19 and name N1 ) 
       (resid 19 and name C2 ) 1.0 -150.0 90.0 2 
 
assign (resid 20 and name O4') (resid 20 and name C1') 
       (resid 20 and name N9 ) 
       (resid 20 and name C4 ) 1.0 -150.0 90.0 2 
 
assign (resid 21 and name O4') (resid 21 and name C1') 
       (resid 21 and name N1 ) 
       (resid 21 and name C2 ) 1.0 -150.0 90.0 2 
 
assign (resid 22 and name O4') (resid 22 and name C1') 
       (resid 22 and name N1 ) 
       (resid 22 and name C2 ) 1.0 -150.0 90.0 2 
 
assign (resid 23 and name O4') (resid 23 and name C1') 
       (resid 23 and name N1 ) 
       (resid 23 and name C2 ) 1.0 -150.0 90.0 2 
 
 
 
 
!(!dihedral restraints On alPha, beta, ePsilOn, zeta  
! 
!!1 
!assign  (resid  1 and name  C4') (resid  1 and name  C3') 
!        (resid  1 and name  O3') (resid  2 and name   P ) 1.0 -160.0 50.0 2 
!assign  (resid  1 and name  C3') (resid  1 and name  O3') 
!        (resid  2 and name   P ) (resid  2 and name  O5') 1.0 -70.0 50.0 2 
! 
!!2 
assign  (resid  1 and name  O3') (resid  2 and name   P ) 
        (resid  2 and name  O5') (resid  2 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  2 and name   P ) (resid  2 and name  O5') 
        (resid  2 and name  C5') (resid  2 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  2 and name  C4') (resid  2 and name  C3') 
        (resid  2 and name  O3') (resid  3 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  2 and name  C3') (resid  2 and name  O3') 
        (resid  3 and name   P ) (resid  3 and name  O5') 1.0 -70.0 50.0 2 
 
!3 
assign  (resid  2 and name  O3') (resid  3 and name   P ) 
        (resid  3 and name  O5') (resid  3 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  3 and name   P ) (resid  3 and name  O5') 
        (resid  3 and name  C5') (resid  3 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  3 and name  C4') (resid  3 and name  C3') 
        (resid  3 and name  O3') (resid  4 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  3 and name  C3') (resid  3 and name  O3') 
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        (resid  4 and name   P ) (resid  4 and name  O5') 1.0 -70.0 50.0 2 
 
!!4 
assign  (resid  3 and name  O3') (resid  4 and name   P ) 
        (resid  4 and name  O5') (resid  4 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  4 and name   P ) (resid  4 and name  O5') 
        (resid  4 and name  C5') (resid  4 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  4 and name  C4') (resid  4 and name  C3') 
        (resid  4 and name  O3') (resid  5 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  4 and name  C3') (resid  4 and name  O3') 
        (resid  5 and name   P ) (resid  5 and name  O5') 1.0 -70.0 50.0 2 
! 
!!5 
assign  (resid  4 and name  O3') (resid  5 and name   P ) 
        (resid  5 and name  O5') (resid  5 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  5 and name   P ) (resid  5 and name  O5') 
        (resid  5 and name  C5') (resid  5 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  5 and name  C4') (resid  5 and name  C3') 
        (resid  5 and name  O3') (resid  6 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  5 and name  C3') (resid  5 and name  O3') 
        (resid  6 and name   P ) (resid  6 and name  O5') 1.0 -70.0 50.0 2 
 
!G18 
assign  (resid  17 and name  O3') (resid  18 and name   P ) 
        (resid  18 and name  O5') (resid  18 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  18 and name   P ) (resid  18 and name  O5') 
        (resid  18 and name  C5') (resid  18 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  18 and name  C4') (resid  18 and name  C3') 
        (resid  18 and name  O3') (resid  19 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  18 and name  C3') (resid  18 and name  O3') 
        (resid  19 and name   P ) (resid  19 and name  O5') 1.0 -70.0 50.0 2 
! 
!!19 
assign  (resid  18 and name  O3') (resid  19 and name   P ) 
        (resid  19 and name  O5') (resid  19 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  19 and name   P ) (resid  19 and name  O5') 
        (resid  19 and name  C5') (resid  19 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  19 and name  C4') (resid  19 and name  C3') 
        (resid  19 and name  O3') (resid  20 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  19 and name  C3') (resid  19 and name  O3') 
        (resid  20 and name   P ) (resid  20 and name  O5') 1.0 -70.0 50.0 2 
 
!!20 
assign  (resid  19 and name  O3') (resid  20 and name   P ) 
        (resid  20 and name  O5') (resid  20 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  20 and name   P ) (resid  20 and name  O5') 
        (resid  20 and name  C5') (resid  20 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  20 and name  C4') (resid  20 and name  C3') 
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        (resid  20 and name  O3') (resid  21 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  20 and name  C3') (resid  20 and name  O3') 
        (resid  21 and name   P ) (resid  21 and name  O5') 1.0 -70.0 50.0 2 
 
!!21 
assign  (resid  20 and name  O3') (resid  21 and name   P ) 
        (resid  21 and name  O5') (resid  21 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  21 and name   P ) (resid  21 and name  O5') 
        (resid  21 and name  C5') (resid  21 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  21 and name  C4') (resid  21 and name  C3') 
        (resid  21 and name  O3') (resid  22 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  21 and name  C3') (resid  21 and name  O3') 
        (resid  22 and name   P ) (resid  22 and name  O5') 1.0 -70.0 50.0 2 
 
!!22 
assign  (resid  21 and name  O3') (resid  22 and name   P ) 
        (resid  22 and name  O5') (resid  22 and name  C5') 1.0 -60.0 40.0 2 
assign  (resid  22 and name   P ) (resid  22 and name  O5') 
        (resid  22 and name  C5') (resid  22 and name  C4') 1.0 180.0 50.0 2 
assign  (resid  22 and name  C4') (resid  22 and name  C3') 
        (resid  22 and name  O3') (resid  23 and name   P ) 1.0 -160.0 50.0 2 
assign  (resid  22 and name  C3') (resid  22 and name  O3') 
        (resid  23 and name   P ) (resid  23 and name  O5') 1.0 -70.0 50.0 2 
! 
!!23 
!assign  (resid  22 and name  O3') (resid  23 and name   P ) 
!        (resid  23 and name  O5') (resid  23 and name  C5') 1.0 -60.0 40.0 2 
!assign  (resid  23 and name   P ) (resid  23 and name  O5') 
!        (resid  23 and name  C5') (resid  23 and name  C4') 1.0 180.0 50.0 2 
! 
 
 
 
!gamma gauche+ (see MarinoGriesinger1996) 
 
!assign (resid 1 and name O5') (resid 1 and name C5') 
!       (resid 1 and name C4') (resid 1 and name C3')   1.0 60.0 30.0 2 
 assign (resid 2 and name O5') (resid 2 and name C5') 
        (resid 2 and name C4') (resid 2 and name C3')   1.0 60.0 30.0 2 
 assign (resid 3 and name O5') (resid 3 and name C5') 
        (resid 3 and name C4') (resid 3 and name C3')   1.0 60.0 30.0 2 
 assign (resid 4 and name O5') (resid 4 and name C5') 
        (resid 4 and name C4') (resid 4 and name C3')   1.0 60.0 30.0 2 
 assign (resid 5 and name O5') (resid 5 and name C5') 
        (resid 5 and name C4') (resid 5 and name C3')   1.0 60.0 30.0 2 
!assign (resid 23 and name O5') (resid 23 and name C5') 
!       (resid 23 and name C4') (resid 23 and name C3')   1.0 60.0 30.0 2 
 assign (resid 22 and name O5') (resid 22 and name C5') 
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        (resid 22 and name C4') (resid 22 and name C3')   1.0 60.0 30.0 2 
 assign (resid 21 and name O5') (resid 21 and name C5') 
        (resid 21 and name C4') (resid 21 and name C3')   1.0 60.0 30.0 2 
 assign (resid 20 and name O5') (resid 20 and name C5') 
        (resid 20 and name C4') (resid 20 and name C3')   1.0 60.0 30.0 2 
 assign (resid 19 and name O5') (resid 19 and name C5') 
        (resid 19 and name C4') (resid 19 and name C3')   1.0 60.0 30.0 2 
!assign (resid 18 and name O5') (resid 18 and name C5') 
!       (resid 18 and name C4') (resid 18 and name C3')  1.0 60.0 30.0 2 
 
 
 
!Epsilon loosely constrained in loop residues to exclude gauche+ 
  
 assign (resid  6  and name  C4') (resid  6  and name  C3') 
        (resid  6  and name  O3') (resid  7  and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  7  and name  C4') (resid  7  and name  C3') 
        (resid  7  and name  O3') (resid  8  and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  8  and name  C4') (resid  8  and name  C3') 
        (resid  8  and name  O3') (resid  9  and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  9  and name  C4') (resid  9  and name  C3') 
        (resid  9  and name  O3') (resid  10 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  10 and name  C4') (resid  10 and name  C3') 
        (resid  10 and name  O3') (resid  11 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  11 and name  C4') (resid  11 and name  C3') 
        (resid  11 and name  O3') (resid  12 and name   P ) 1.0 -120.0 120.0 2 
  
 assign (resid  12 and name  C4') (resid  12 and name  C3') 
        (resid  12 and name  O3') (resid  13 and name   P ) 1.0 -120.0 120.0 2  
 
 assign (resid  13 and name  C4') (resid  13 and name  C3') 
        (resid  13 and name  O3') (resid  14 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  14 and name  C4') (resid  14 and name  C3') 
        (resid  14 and name  O3') (resid  15 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  15 and name  C4') (resid  15 and name  C3') 
        (resid  15 and name  O3') (resid  16 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  16 and name  C4') (resid  16 and name  C3') 
        (resid  16 and name  O3') (resid  17 and name   P ) 1.0 -120.0 120.0 2 
 
 assign (resid  17 and name  C4') (resid  17 and name  C3') 
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        (resid  17 and name  O3') (resid  18 and name   P ) 1.0 -120.0 120.0 2  
 
!Alpha and Zeta 
!loosely constrained to avoid trans conform. (based on 31P chemical shifts) 
 
 assign (resid  6  and name  O3') (resid  7  and name   P ) 
        (resid  7  and name  O5') (resid  7  and name  C5') 1.0 0.0 120.0 2 
 assign (resid  6  and name  C3') (resid  6  and name  O3') 
        (resid  7  and name   P ) (resid  7  and name  O5') 1.0 0.0 120.0 2 
   
 assign (resid  7  and name  O3') (resid  8  and name   P ) 
        (resid  8  and name  O5') (resid  8  and name  C5') 1.0 0.0 120.0 2 
 assign (resid  7  and name  C3') (resid  7  and name  O3') 
        (resid  8  and name   P ) (resid  8  and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  8  and name  O3') (resid  9  and name   P ) 
        (resid  9  and name  O5') (resid  9  and name  C5') 1.0 0.0 120.0 2 
 assign (resid  8  and name  C3') (resid  8  and name  O3') 
        (resid  9  and name   P ) (resid  9  and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  9  and name  O3') (resid  10 and name   P ) 
        (resid 10  and name  O5') (resid  10 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  9  and name  C3') (resid  9  and name  O3') 
        (resid  10 and name   P ) (resid  10 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  10 and name  O3') (resid  11 and name   P ) 
        (resid  11 and name  O5') (resid  11 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  10 and name  C3') (resid  10 and name  O3') 
        (resid  11 and name   P ) (resid  11 and name  O5') 1.0 0.0 120.0 2  
 
 assign (resid  11 and name  O3') (resid  12 and name   P ) 
        (resid  12 and name  O5') (resid  12 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  11 and name  C3') (resid  11 and name  O3') 
        (resid  12 and name   P ) (resid  12 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  12 and name  O3') (resid  13 and name   P ) 
        (resid  13 and name  O5') (resid  13 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  13 and name  C3') (resid  13 and name  O3') 
        (resid  14 and name   P ) (resid  14 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  13 and name  O3') (resid  14 and name   P ) 
        (resid  14 and name  O5') (resid  14 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  13 and name  C3') (resid  13 and name  O3') 
        (resid  14 and name   P ) (resid  14 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  14 and name  O3') (resid  15 and name   P ) 
        (resid  15 and name  O5') (resid  15 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  14 and name  C3') (resid  14 and name  O3') 
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        (resid  15 and name   P ) (resid  15 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  15 and name  O3') (resid  16 and name   P ) 
        (resid  16 and name  O5') (resid  16 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  15 and name  C3') (resid  15 and name  O3') 
        (resid  16 and name   P ) (resid  16 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  16 and name  O3') (resid  17 and name   P ) 
        (resid  17 and name  O5') (resid  17 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  16 and name  C3') (resid  16 and name  O3') 
        (resid  17 and name   P ) (resid  17 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  17 and name  O3') (resid  18 and name   P ) 
        (resid  18 and name  O5') (resid  18 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  17 and name  C3') (resid  17 and name  O3') 
        (resid  18 and name   P ) (resid  18 and name  O5') 1.0 0.0 120.0 2 
 
 assign (resid  18 and name  O3') (resid  19 and name   P ) 
        (resid  19 and name  O5') (resid  19 and name  C5') 1.0 0.0 120.0 2 
 assign (resid  18 and name  C3') (resid  18 and name  O3') 
        (resid  19 and name   P ) (resid  19 and name  O5') 1.0 0.0 120.0 2 
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Planarity Restraints 

Table 5.  PlanarityRestraints.tbl 

 
 
restraints plane 
!G1-C23 
group 
  select= ((resid 1 and (name N1 or name C6 or name C2)) or 
              (resid 23 and (name N3))) 
  weight=80.0 
 end 
 
group 
  select= ((resid 1 and (name N1)) or 
              (resid 23 and (name N3 or name C2 or name C4))) 
  weight=80.0 
 end 
 
 
!G2-C22 
 group 
  select= ((resid 2 and (name N1 or name C6 or name C2)) or 
              (resid 22 and (name N3))) 
  weight=80.0 
 end 
 
group 
  select= ((resid 2 and (name N1)) or 
              (resid 22 and (name N3 or name C2 or name C4))) 
  weight=80.0 
 end 
 
!G3-C21 
 group 
  select= ((resid 3 and (name N1 or name C6 or name C2)) or 
              (resid 21 and (name N3))) 
  weight=80.0 
 end 
 
 group 
  select= ((resid 3 and (name N1)) or 
              (resid 21 and (name N3 or name C2 or name C4))) 
  weight=80.0 
 end 
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!U4_A20 
 group 
  select= ((resid 4 and (name N3 or name C4 or name C2)) or 
              (resid 20 and (name N1))) 
  weight=20.0 
 end 
 
group 
  select= ((resid 4 and (name N3)) or 
              (resid 20 and (name N1 or name C2 or name C6))) 
  weight=20.0 
 end 
 
 
 
!G5-C19 
 group 
  select= ((resid 5 and (name N1 or name C6 or name C2)) or 
              (resid 19 and (name N3))) 
  weight=80.0 
 end 
 
group 
  select= ((resid 5 and (name N1)) or 
              (resid 19 and (name N3 or name C2 or name C4))) 
  weight=80.0 
 end 
 
 
 
 
 
!U6-G18 
 
 group 
  select= ((resid 18 and (name N1 or name C6 or name C2)) or 
              (resid 6 and (name N3))) 
  weight=20.0 
 end 
 
group 
  select= ((resid 18 and (name N1)) or 
              (resid 6 and (name N3 or name C2 or name C4))) 
  weight=20.0 
 end 
end 
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