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ABSTRACT 

MOLECULAR DYNAMICS IN THE HAIRPIN RIBOZYME: CALCULATIONAL AND 
EXPERIMENTAL ASPECTS 

By 

Patrick Omondi Ochieng 

The increasing role of RNA therapy in targeting diseases has inspired several RNA 

studies and especially structural RNA. Of interest to many scientists is how such RNA can 

perform their work with limited functional groups available to RNA. The structural versatility of 

RNA seems to underscore the importance of dynamics in performing several functions. 

Ribozymes are a good example of structured RNA involved in RNA backbone cleavage with a 

range of strategies. Hairpin ribozyme invokes domain-domain docking to activate the cleavage 

process. The major loop rearrangements observed upon docking, as well as the kinetically 

unfavorable docking process, both argue for conformational selection by pre-organization of the 

catalytically-competent active site of the hairpin ribozyme. In this thesis, we sought to study the 

behavior of loop A in sampling the docked-like conformation as evidence for conformational 

selection. We addressed three major aims which involved (i) understanding the dynamics in loop 

A using molecular dynamics simulation as a tool for assessing conformational sampling (ii) 

determining the right loop A construct for NMR studies and resonance assignments for structure 

determination and (iii) elucidation of fast and slow dynamics in loop A using NMR relaxation 

techniques.  

In aim 1 (Chapter 2), molecular dynamics simulation was used to determine conformational 

heterogeneity in RNA based on alternate base-pair formation within a subset of residues in the 

loop region of domain A of the hairpin ribozyme. Three main conformers and several minor 

conformations were observed in our simulations as analyzed by the Markov State model 



 
 

analysis. RNA base residues and backbone dynamics played a major role in the conformational 

heterogeneity and ensemble in loop A. Of the conformations that were sampled, the most 

populated conformer, AA/CA, closely sampled conformational properties similar to the activated 

(docked) loop A conformation, suggesting the activating role induced by conformational 

heterogeneity.  

In aim 2 (Chapter 3), we determined the suitable loop A construct for NMR studies by NMR 

secondary structure analysis on various constructs of loop A. Using exchangeable and non-

exchangeable NMR experiments we assigned certain specific proton, nitrogen and carbon 

resonances of loop A for structural determination and relaxation measurements. 

In aim 3 (Chapter 4), we assessed loop A dynamics using the 13C-NMR relaxation 

measurements. Fast internal motions in the order of ps - ns timescale were analyzed by Model-

free approach using data from 13C R1, R1ρ, and heteronuclear NOE of loop A. Loop A was 

generally found to be a rigid molecule on this timescale with internal generalized order 

parameters, S2, of at least 0.9 in the helical regions. Several residues reported correlation times 

indicative of fast motions on the ps to ns timescale, while a few reported slow exchange in the 

µs-ms timescale. 

Our data underscores the importance of fast and slow dynamics in the formation of 

conformational states with structures similar to the activated form. These conformational 

variability and structural transitions seem to activate RNA thereby facilitating RNA-RNA 

interaction via the conformational selection mechanism. 
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CHAPTER 1 
 

 

 

INTRODUCTION TO RIBOZYMES AND THE APPROACHES TO 
ASSESSING RNA DYNAMICS-FUNCTION RELATIONSHIP
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1.1 BACKGROUND 
 

1.1.1 Thesis outline and research goals 

Although the factors underlying secondary structure in DNA and RNA are relatively well 

understood, the understanding of the driving forces and mechanisms of the formation of complex 

tertiary structures in nucleic acids has not kept pace with the great recent advances in RNA 

structural biology. Due to the importance of catalytic RNAs (ribozymes) as potential 

therapeutics, their tertiary structure interactions in the context of binding and catalysis remain an 

active subject of investigation. Specifically, domain-domain interactions are an inherent feature 

in the active site assembly of many ribozymes, including the hairpin ribozyme. These 

interactions, although rate limiting, prepare the required residues to engage in catalysis through 

phosphodiester backbone cleavage. The loop-loop binding transition in the hairpin ribozyme 

therefore presents us with a suitable model for understanding the mechanism behind RNA-RNA 

interactions with possible insights on RNA secondary interactions, tertiary structure interactions, 

dynamics and function. The biological timescale for such transitions and interactions usually 

occur in the regime of picoseconds to milliseconds. The RNA-RNA interaction in hairpin 

ribozyme implicates two independent RNA domains (loop A and loop B) with each domain 

containing two stems interrupted by loops A and B respectively. The interaction between these 

domains, often referred to as docking, is required for hairpin ribozyme activation and subsequent 

cleavage of the RNA backbone. The major loop rearrangements observed upon docking, as well 

as the kinetically unfavorable docking process, both argue for a tight and mechanistic role for 

conformational dynamics in the pre-organization of the catalytically-competent active site of the 

hairpin ribozyme. However, the details such dynamics have not been explored in the context of 
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dynamics-function relationship. Even so, conformational transitions and their role in activating 

the ground-state docking-competent forms of domains A and B of the hairpin ribozyme are still 

not well understood. Here, we have integrated Molecular Dynamics (MD) simulation and NMR 

to assess the possible transitions taking place in the hairpin ribozyme’s loop A domain as an 

initial step towards understanding hairpin ribozyme docking mechanism. Due to the slow 

association rates reported for interaction between loop A and B (1) and the extensive structural 

rearrangements observed upon docking (Figure 1-1) (2-4), we hypothesize that the interaction 

between loop A and loop B is driven by a double conformational capture mechanism, in which 

both loops undergo dynamic fluctuations to conformations resembling their docked forms and 

that only collisions between loops that have sampled the docked forms are capable of recognition 

and subsequent docking. We have probed the conformational sampling and dynamics of loop A 

domain of the hairpin ribozyme as an initial step to understanding the active site dynamics in 

RNA. A deeper understanding of dynamics-function relationship is important in tuning the rate 

and mechanism of RNA-RNA interaction. Thus, this feature may be a useful tool in the design of 

RNA aptamers that can be used in effective gene therapy treatments which target RNA cleavage.   

Investigating RNA dynamics also presents us with a unique opportunity to study the 

physicochemical factors underlying RNA tertiary structure in general, and has the potential to 

provide generalizable insights in RNA. We have used molecular dynamics (MD) simulations to 

map out the conformational ensemble visited by loop A. In addition, we have pursued loop A 

NMR studies to probe dynamics and conformational sampling in this cleavage domain. Our 

studies present new insights in conformational dynamics in hairpin ribozyme loop A vis a vis its 

mechanistic and functional role.   
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1.1.2. RNA conformational transitions 

A critical challenge in understanding biological processes at the molecular level is the 

elucidation of conformational variations of macromolecules towards the formation of active 

conformers. Indeed, these conformational changes are observed on various timescales. Of critical 

importance are changes that occur in timescales necessary for biological function. Many 

biological processes rely on transduction of information through conformational changes in 

proteins and nucleic acids. Examples of such dynamics are observed in how RNA recognizes 

their interacting partners including proteins and small ligands (5) and in the utility of ribosome 

(6). Conformational dynamics may facilitate pre-organization of an inactive conformation of a 

given macromolecule (E-S) into an activated form often referred to as the pre-catalytic form 

(Figure 1-2). Both fast and slow exchange processes incorporate proteins and RNA into 

biological networks usually effected by internal molecular effectors in conjunction with external 

cues. Thus, RNA conformational transitions become part of biochemical pathways which overall 

influence biological events. RNA with various conformational features can bind to protein which 

may stabilize one or multiple conformations within a subset of conformations. This feature has 

been observed in tyrosyl-tRNA synthetase derived from Neurospora crassa which binds to group 

I introns (7). Group 1 introns are large self-splicing ribozymes that catalyze their own cleavage 

from mRNA, tRNA and rRNA precursors.  In some cases, protein binding may selectively lower 

the surrounding energy barrier (8, 9) which activates the dynamic transitions in the RNA. An 

example of this behavior is typical in the U1A protein which binds to its cognate RNA and 

induces dynamics in parts of the RNA especially in direct contact with the protein.  

Alternate secondary structural changes also occur in RNA although they are limited by energy 

barriers associated with base-pair opening and formation of new base-pairs. In this case, RNA 
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In vivo, conformational transitions occur when signals reaching the cell modulate the formation 

of multiple conformations and consequent stabilization of such conformations. A good example 

of this is in riboswitch where metabolite binding stabilizes the riboswitch by inducing a 

conformational redistribution to a state that isolates RNA element into the aptamer domain (11). 

Riboswitches are a segment of RNA genetic elements usually inserted in the 5′ untranslated 

region (5′ UTR) of bacterial genes. These elements regulate the expression of bacterial metabolic 

genes with changes in cellular metabolite concentration (12). In such processes RNA samples 

various conformations within the energy landscape spanning through a series of deep local 

energy minima interrupted by shallow energy wells. These deep energy minimas are usually 

characterized by conformations that result from equilibrium motions which are stabilized by 

cellular signals to effect conformational transitions (13, 14). Tertiary conformational transitions 

are mostly seen in small ribozymes such as the hairpin and hepatitis delta virus (HDV). These 

transitions involve large conformational changes in the position of helical arms, usually after 

domain interaction to another RNA domain promoting the conformational changes necessary for 

RNA catalysis. Following catalysis, another set of undocking changes promote the release of the 

cleavage product (15). The importance of these transitions is underscored by the robust impact 

they have on the overall catalytic rate constant. The Tetrahymena group I ribozyme has been 

shown to transition between tertiary conformations while reporting different substrate binding 

affinities but with similar enzyme activities (16). The inter-conformational conversion rates were 

slower than the catalytic rate, implying the existence of multiple conformations.  
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1.1.3. RNA tertiary structure 

Most of the current knowledge about RNA tertiary structures comes from X-ray 

crystallography and NMR. These techniques reveal precise snapshots of a dynamic reality, but 

provide little information about the dynamics at atomic resolution over time within the three-

dimensional fold. Additional biophysical techniques such as single-molecule optical traps, time-

resolved fluorescent resonance energy transfer (FRET) and hydroxyl radical footprinting may 

also provide some dynamics information. With these tools, it is possible to monitor 

conformational changes occurring within RNA molecules during their folding and assembly. 

Three-dimensional structures reveal that RNAs have an ordered organization where the primary 

sequence informs the architecture of secondary structure which also dictates the extent of tertiary 

folding. The secondary structural elements (helices, loops, bulges and junctions) are networked 

to each other within a complex tertiary structure (17). RNA helices are usually A-form Watson-

Crick duplexes while the loops, bulges and junctions are mostly non-Watson-Crick regions 

terminated by one or more helices (18). Although the structural integrity of helices are 

maintained by Watson-Crick base-pairs and monovalent  ions,  the tertiary contacts are usually 

stabilized by non-canonical base-pairs and generally require the  presence  of  divalent  ions, 

especially  magnesium  ions. RNA  architecture  is  weaved by  a series of base-pairing and base 

stacking interactions leading to co-axial stacks of helical domains packed parallel or orthogonal 

to one another, as displayed by a recent  structure of a group II self-splicing intron (Figure 1-3) 

(19).  
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Junctions promote conformational diversity that can be modulated by either RNA-RNA 

or RNA-ligand interactions. The hammerhead ribozyme provides a good example of this 

phenomenon. The hammerhead active site displays a three-way helical junction containing a 

central core with fifteen highly conserved nucleotides essential for catalytic activity. Its activity, 

however, is dependent on loop-loop tertiary interactions in non-conserved regions far away from 

the active site (20). These long-range tertiary interactions stabilize the active conformation of the 

junction positioning the relevant nucleotides in the right positions for catalysis. Understanding 

the formation of RNA tertiary structure is pertinent towards unravelling the mechanisms of 

elaborate cellular machines such as the eukaryotic spliceosome, in which numerous RNA 

structures and RNA protein interactions form and are disrupted at precise points along the 

splicing pathway (21, 22). We propose that the docking transition of in the hairpin ribozyme can 

serve a unique role as a small, tractable RNA-RNA interaction formed entirely by tertiary 

structure that is accompanied by a direct functional readout in the form of self-cleavage (23, 24). 

1.1.4. RNA and ribozymes 

The importance of RNA was suggested as early as the late 1950s when it was established 

that living cells harbor much more RNA than DNA. The discovery of the details of protein 

synthesis (25) revealed that RNA molecules are implicated in a variety of processes within the 

cells. Orgel (26) and Crick (27) independently proposed that RNA acted both as catalyst and as 

carrier of information. The idea of RNA as catalysts received unquestionable proof after the 

discovery of natural RNA enzymes (ribozymes), by the independent groups of Sydney Altman 

and Thomas Cech (28, 29). Ribozymes are RNA molecules that catalyze reactions on themselves 

or other molecules. Over the years, six naturally occurring self-cleaving ribozymes have been 

discovered. These are the hairpin, hammerhead, hepatitis delta virus (HDV), glmS, Varkud 
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satellite (VS) and twister ribozymes (23, 30-34). These small ribozymes catalyze self-cleavage of 

the RNA backbone using a chemical strategy similar to RNase A (35).  

1.1.5. Mechanism of catalysis in ribozymes 

As a protein enzyme that functionally mimics ribozymes, RNase A deploys the general 

acid-base catalytic mechanism with unique strategies to promote RNA backbone cleavage 

reaction. The following strategies are adopted by specific critical amino acids to facilitate this 

process. These involve (1) alignment of the hydroxyl nucleophile, electrophilic phosphate, and 

the leaving group by reorienting the adjacent nucleotides to activate the nucleophile, (2) 

transition-state stabilization, and (3) protonation of the leaving group. In RNase A, the 5′ of 

pyrimidine nucleotide forms hydrogen bonds with the main chain and backbone oxygen atoms of 

Threonine 45. Also, base-stacking interactions between the nucleotide 5′ of the scissile 

phosphate with Phe120 helps in facilitating stability (36). His12 is the general base responsible 

for deprotonating the 2′-OH nucleophile while the negatively charged transition state is stabilized 

by the positively charged Lys41. Studies introducing a lysine to arginine mutation at position 41 

does not significantly reduce RNase A activity indicating the requirement for a positively 

charged residue in that position (37).  

An intriguing question in understanding the catalytic mechanism of ribozymes is the 

ability of RNA to catalyze diverse chemical processes with limited set of functional groups 

unlike the diversity in protein enzymes. The lack of neutral functional groups in RNA with pKa 

close to neutrality or positively charged functional groups present a dilemma on how the 

chemical processes requiring these functional groups are achieved. However, a number of factors 

are thought to be essential for catalysis. Specific nucleotides, metals and water may be involved 
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in facilitating the chemistry of different sets of ribozymes. The clear deficiencies in what was 

thought to be critical functional groups informed an incorrect assumption that most small 

ribozymes were metalloenzymes (38). The participation of divalent metal ions, nucleobases and 

RNA backbone functional groups could provide an explanation for the general acid-base 

chemistry involving a general acid, base and electrostatic stabilization (39). RNAs mostly require 

positively charged ions to enhance a folded state. These ions are usually divalent. However, 

higher (molar) concentrations of monovalent cations or inert polyvalent ions are still sufficient 

for most ribozymes to achieve full activity (40, 41).  

Despite lacking the chemical diversity exhibited by amino acid residues in RNase A, also 

a protein enzyme that cleaves RNA backbone, ribozymes are still capable of catalyzing RNA 

cleavage reactions albeit 15-500 fold slower than their RNase A counterparts (23, 42, 43). Using 

a divalent metal, the HDV ribozyme employs a specifically bound magnesium ion and specific 

nucleotides to promote phosphate backbone cleavage to a rate of ~150-fold slower than the more 

efficient RNase A (44), while glmS ribozyme uses a glucosamine-derivative cofactor (GlcN6P) 

and nucleotides to attain cleavage rates ~100-fold slower than RNase A (45). Despite the similar 

general catalytic mechanism, there is no general consensus on the origin of the catalytic 

proficiency showed by various ribozymes. The use of different strategies in promoting chemistry 

in ribozymes has sparked curiosity in the RNA world and remains an active field of study both 

computationally and experimentally.  

 



13 

 

1.1.6. Therapeutic role of ribozymes 

The attempted use of RNA molecules as therapeutic agents is relatively novel, but has 

received growing interest over the few decades. This curiosity has been inspired by various 

scientific discoveries that feature the role of RNA molecules in relaying genetic instructions in 

living systems as well as their natural abundance and adaptability. Interestingly, RNA molecules 

can assume a diverse set of conformations and perform a variety of cellular functions. For 

example some RNAs can fold into catalytic centers, while others may adopt conformations that 

facilitate specific RNA–protein, RNA–DNA or RNA–RNA interactions.  

The discovery of ribozymes (28, 29) has informed the development of a new class of 

trans-cleaving therapeutic RNAs with great potential in human medicine. This strategy is 

designed around inactivating viral RNA genome by cleavage. Therapeutic trans-ribozymes are 

designed to specifically bind RNA substrate via base-pairing interactions. This base-pairing 

directs cleavage of the target RNA and subsequent release the cleavage products which may go 

through a recycling process to facilitate a multi-step catalytic process. The realization that 

ribozymes can be directed to a specific RNA target to cleave pathogenic viral transcripts in vitro 

has cultivated promise on their potential therapeutic value in vivo (46, 47). Significant progress 

towards assessing the potential use of trans-cleaving ribozymes has been made, with the hairpin 

and hammerhead ribozymes receiving more attention in this translational effort (48). Ribozymes 

can potentially cleave a range of RNA transcripts if well designed to efficiently bind and cleave 

these transcripts. Such transcripts may include oncogene transcripts, viral genomes and many 

other pathogenic transcripts. The success of a synthetic ribozyme to deactivate these transcripts 

via cleavage will depend on the efficiency of delivering the trans-forms of ribozymes in vivo, the 

concentration and duration of inhibition required to change the pathophysiology of the disease. 
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For example, the hammerhead ribozyme inhibited the replication of a murine retrovirus about 

90% by co-localizing this ribozyme with its viral target in vivo (49); however, significant 

increases in the levels of inhibition were not achieved even in excess concentrations of the 

ribozyme.  This suggests that the efficacy of trans-cleaving therapeutic ribozymes could be 

limited to cellular conditions and therefore a combination of therapies (e.g. chemotherapy) and 

other therapeutics can augment the role of ribozyme. Another major focus of research on 

ribozyme therapy has been on inhibiting the replication of RNA viruses and retroviruses, 

specifically HIV-1 (50, 51), hepatitis C virus (52) and hepatitis B virus (53). These are 

appropriate targets since their genomes are composed of RNA, and thus replication can be 

directly targeted for inhibition.  
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1.1.7. Hairpin ribozyme 

The hairpin ribozyme is a small ribozyme that catalyzes reversible, site-specific 

phosphodiester bond cleavage giving a 5'-OH and a 2'- 3'-cyclic phosphate termini products (54).  

Derived from the negative strand of tobacco ringspot virus satellite RNA, the hairpin ribozyme is 

involved in processing the product of rolling circle replication through backbone cleavage and 

ligation respectively (55, 56). The cognate substrate is recognized by canonical base-pairing to a 

single-stranded region of the ribozyme referred to as the substrate binding sequence (SBS) 

(Figure 1-4). The substrate and the substrate binding sequence form the loop A domain while the 

rest of the ribozyme forms the loop B domain. Loop A and loop B together with their flanking 

helices constitute the catalytic core of the hairpin ribozyme (57). The most critical nucleotides 

for catalysis are found in the two loop regions (58). The interaction between loop A and loop B 

is a necessary step that precedes catalysis (59) and is referred to as docking. The details of this 

process are not clearly understood. However, structural evidence infers possible conformational 

changes through which domain-domain interaction and subsequent catalysis is achieved. The 

chemical steps of the reaction proceed without the necessity of multivalent metal ions (59, 60) 

but the rate acceleration is still realized, a process similar to metal-dependent ribozymes (61). 

There origin of catalytic proficiency in hairpin ribozymes has elicited debate with a major focus 

on the role of active site nucleobases with respect to general acid and base catalysis. Due to the 

limited diversity of the four native RNA residues, the role of these residues in nucleophilic 

activation, stabilization of the charged transition-state and activation of the leaving group via 

protonation has been extensively investigated albeit with different conclusions. Critical 

geometric restraints facilitate bond making and breaking in the trans-phosphorylation reaction 

promoted by nucleolytic ribozymes (62). For example the nucleophilic SN2 reaction aligns the 
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torsion angle between the 2′-OH nucleophile, the scissile phosphate, and the 5′-O leaving group 

should be ~180° to facilitate an inline nucleophilic attack on the scissile phosphate. Hairpin 

ribozymes provides a unique set of stabilizing interactions to achieve this unfavorable 

conformation. This inline architecture was supported by base-pairing interactions between 

residues in loop A and B as well as base-stacking interactions. Interestingly, the same trans-

phosphorylation reaction is catalyzed by the protein enzyme ribonuclease A (RNase A), with two 

histidine residues used as general acid and base respectively (63). Small ribozymes therefore 

may employ many similar RNase A tactics in promoting chemistry. However, the hairpin 

ribozyme can cleave in the presence of cobalt hexamine, [Co(NH3)6]
3+, a non-hydrolyzable and 

exchange-inert mimic of magnesium hexahydrate, [Mg(H2O)6]
2+ (64, 65). This strengthens the 

argument that metals may serve unique roles by modulating hairpin ribozyme tertiary 

interactions rather than via direct involvement in catalysis. 

1.1.8. Structure and active site architecture of the hairpin ribozyme 

The X-ray crystal structures of the hairpin ribozyme provide valuable insights into the active 

site conformation of the docked state (3, 66), transition state, and product state structures (67, 68) 

observed during ribozyme catalysis. In each structure, the active sites had generally similar 

conformations. The G+1 nucleotide is completely flipped out of loop A and inserted in loop B 

pocket where it stacks between A26 and A38 residues (3). The flipped-out G+1 forms a tertiary 

Watson-Crick base-pair with C25 of loop B, and is stabilized by additional hydrogen-bonding 

interactions with A38 and G36 residues. The specific contacts among G+1 and these loop B 

residues seem to highlight the specificity of G at that +1 position (3). Mutation of G+1 to other 

bases results in the loss of catalytic activity which is partially restored by compensatory 

mutations at C25 in loop B (69). Important structural information is available in the docked 
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structures of loop A and loop B, but additional structural information have also been obtained 

from the solution structures of the isolated loop A and loop B which have been separately 

determined (4, 70). The separate RNA pieces can be mixed together in vitro to reconstitute a 

functional ribozyme (71). The nuclear magnetic resonance (NMR) structures of loops A and B 

probably represent the conformation of these two loops before docking. In the isolated loop A 

structure, an anti-conformation G+1 is accommodated in the helical stack and forms a sheared 

pair with A9 (4). This residue is involved in a G+1:C25 tertiary base pairing with domain B in 

the docked structure (3), indicating a dramatic conformational reshuffle before or after docking. 

Also, the minor groove width of the isolated loop A conformation observed in NMR is 

considerably narrower than the docked state. The conformation of isolated loop B (70) also 

differs greatly from the conformation observed in the crystal structure (docked form). Only two 

of the seven non-canonical base pairs observed by NMR in isolated loop B are retained in the 

docked conformation. Whereas U41 is extruded into an S-turn in the undocked loop B, it forms 

base pair with A22 in the docked structure (3, 70). A detailed comparison between the docked 

crystal structure and the isolated loop structures (loop A and loop B) shows large conformational 

rearrangements taking place in both RNA loops in consistent with the active site assembly. The 

rearrangements involve dramatic changes in base-pairing schemes and significant alteration of 

backbone geometry concomitant with the formation of tertiary interactions. These observations 

support the idea that conformational dynamics could at play in the process of loop-loop 

interaction, substrate orientation and subsequent catalysis. Our thesis is that static structures are 

important but insufficient to understand the mechanism of ribozyme action. Previously, an NMR 

structural study of the lead-dependent ribozyme (leadzyme) observed that the highly populated 

conformation in solution is not well-oriented to sample its activated state, suggesting that 
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conformational rearrangement was necessary for to achieve catalytic transitions (72). Similarly, 

we also hypothesize that independent loops of the hairpin ribozyme may be sampling other 

higher energy (activated) states via specific dynamic modes and that these modes may be 

coupled to formation of active structures in facilitating hairpin ribozyme function. Our 

investigation has harnessed contemporary Molecular dynamics (MD) simulation and nuclear 

magnetic resonance (NMR) techniques which have in the past provided the richest information 

on dynamics of macromolecules. Previous work has shown that “trans-docking” constructs, 

loops A and B,  still retain catalytic activity (73) and that the two pieces can bind to each other 

with the KD in the low µM range (74). In this thesis, we have mainly probed loop A sampling the 

high energy docked form in the process of conformational fluctuation. We hypothesize that the 

relatively slow docking rates may be due to the isolated loop A sampling other conformers 

including the docked (activated) form. In other words, only when structurally favorable 

conformers appear is loop A competent for docking. This phenomenon has precedents in several 

carefully-studied protein enzymes. Dihydrofolate reductase-NADPH complex, for example, 

samples a higher energy substate in which the empty substrate-/product-binding pocket adopts a 

conformation similar to that of the ligand-bound state (75). A similar observation has been 

reported for ribonuclease A (76). 

 

1.1.9. Computer molecular dynamics (MD) simulations 

Molecular dynamics (MD) simulation uses the computational approach to interrogate the 

atomic transitions and molecular motions using classical empirical potential force fields. It 

describes the time evolution in a set of discrete particles by solving the Newton’s equation of 

classical mechanics according to equation 1-1.  
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Fi = miai                                                          1-1 

where mi and ai are the mass and acceleration of atom i respectively while Fi is the force acting 

on the mass calculated from the gradient of potential energy function, U. 

Fi = -	׏iU                                                          1-2 

MD simulation method calculates the time-dependent behavior of a molecular system within the 

molecular force field that defines the level of interactions among particles in their environment.  

MD simulations give a variety of information ranging from fast fluctuations to slower 

conformational changes of proteins, nucleic acids and even lipids. Computational methods are 

currently attractive for use in investigating the chemical transitions and structural dynamics of 

many biological molecules as well as biological complexes. The robustness of this technique in 

assessing dynamics coupled with its cost-effective sampling has provoked several studies in this 

field. Some of the most commonly used force fields are CHARMM (77-79), AMBER (80), 

GROMOS (81), and OPLS (82, 83). While the specifics of the potential energy functions used in 

various force fields are different, they generally use the general mathematical bonded and non-

bonded interaction terms. The results of a simulation are determined by the quality of the force 

field used, the sampled time (timescale) and the accuracy of the initial structures. Therefore, MD 

simulation is a tool primarily suitable to assess conformational dynamics within a wide range of 

time scales (Figure 1-5) using both the all-atom simulation method (84) as well as enhanced 

sampling techniques used to explore the conformational space of a given molecule in the relevant 

timescale. Modern MD simulations define the potential energy function, U, as constituting the 

bonding terms and the non-bonding terms as a function of the Cartesian co-ordinates (85-87) as 

shown in equation 1-3. 
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The bonding terms are defined by the bond lengths (b), bond angles (θ), dihedrals (φ), and 

improper dihedrals (ω) (Eqn. 1-3). Equilibrium values are denoted by subscript 0 whereas Kb, 

Kθ, Kφ and Kω are the force constants for the bonding terms of bond lengths, bond angles, 

dihedrals and improper dihedrals respectively. The dihedral angle term is modeled along the 

sinusoidal function with n and δ representing periodicity and phase shift respectively. The non-

bonding terms are van der Waals and electrostatic interactions modeled by distances between 

atoms i and j respectively. Also, qi and qj are the point charges between which electrostatic 

interactions are calculated using Coulombic potential. The van der Waals component of the 

equation models the repulsion and attraction forces. 
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All-atom simulations have unique capabilities to map out the motions available to the 

molecule in three-dimensional detail. The use of state-of-the-art molecular dynamics calculations 

to build and complement structural and functional data is a key ingredient of the synergistic 

approach to dynamics-function relationship. The atomic-level dynamics that cannot be observed 

directly are easily deciphered and used to complement experimental techniques like NMR and 

X-ray crystallography. The hairpin ribozyme is a uniquely suitable model system for the pursuit 

of a deeper understanding of conformational sampling and dynamics, and the MD approach 

maximizes the possibilities of successfully obtaining this understanding in a rigorous and 

comprehensive fashion. Previous investigators have focused on simulation studies on the 

structure and catalysis of the hairpin ribozyme (88-93), but the great majority of these have 

mostly explored the properties of the post-docking, catalytically competent state. Our exploration 

of ground-state loop A and the docking transition presents a mechanistic detail for the activation 

of RNA domains as the initial step towards the formation of the docked tertiary structure that is a 

prerequisite for catalysis. This phenomenon has been comprehensively studied and reported in 

chapters two and three of this thesis. 

 

1.2.0. Experimental assessment of dynamics 

The first protein X-ray structure of myoglobin (94) opened up the field of structural 

biology to ask certain fundamental questions on how ligands could access the deeply buried 

heme iron center. This observation stimulated decades of research into the dynamics of proteins 

and today, it is reasonably conventional that protein structures are in continuous motion and that 

such fluctuations are important for function. Early X-ray crystal structures of RNA also predicted 

the role of conformational dynamics especially due to the huge rearrangements observed in the 
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tRNA’s helical arms upon binding tRNA synthetase (95). Similarly the conformational change 

theory in ribozymes well explains the formation of active states (96-98).  

To infer dynamics from X-ray structures, several crystal structures capturing the 

molecules at different stages of its function can be considered as part of the structural ensemble 

through which structural transitions can be deciphered. Also, the flexible regions based on B-

factors can be assumed to be dynamic. However, more definitive answers can be obtained by 

using NMR solution studies.  NMR spectroscopy can be used to interrogate macromolecules 

motions of over a range of timescales using relaxation measurements. Relaxation in NMR is a 

phenomenon that is induced by field fluctuations that occur during molecular motion, and 

subsequently imparting variations in the local fields within the molecular movement. This 

property facilitates the NMR relaxation experiments to capture fluctuations that are derived from 

such molecular motions. Relaxation in macromolecules probes 13C and 15N nuclei in solution 

which arises from dipolar interaction with covalently bound protons. The NMR techniques that 

are actively in use to study these motions are longitudinal (T1), transverse (T2) relaxation and 

heteronuclear nuclear Overhauser enhancement (hNOE) measurements. In the early days, natural 

abundance 13C-NMR T1 measurements were used to study motions within ribonuclease A (99). 

This technique was successful since it annotated multiple dynamics for β- and ε-carbons. A year 

later, the same research group analyzed detailed segmental motions of ribonuclease (100) to 

assess the robustness of T1. Over the next several years, researchers continued to obtain 

relaxation measurements using 13C natural abundance in DNA for ribose and base carbons. Due 

to the low sensitivity of the 13C natural abundance, minimal 13C enrichment was eventually used 

to study dynamics in DNA (101) and also RNA (102). The first attempt to quantify relaxation in 

uniformly 13C labeled RNA (103) with relaxation measurements involving longitudinal 
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relaxation, transverse relaxation and NOE parameters was interpreted using the model-free 

analysis despite the challenges of dipolar couplings in the non-isolated spin systems. The model 

free analysis formalism (104-106) was developed by Lipari and Szabo to extract the fast ps-ns 

dynamics parameters from the measured relaxation rates. In the “model-free” approach, fast 

internal motion is described by a generalized order parameter, S2, which assesses the atomic 

spatial restriction, and an effective correlation time, τe, which provides information on the rate of 

the motion. This formalism removes the ambiguity of internal dynamics interpretation. 13C 

relaxation can be complicated by crowded spin-systems in RNA or DNA, and this informs the 

use of C8/C6 and C2 resonances in simplifying relaxation data. Also, magnetic interactions 

between neighboring 13C nuclei can significantly enhance relaxation measurements, and this may 

limit the accuracy of data collected especially for nucleic acids. Fortunately, various approaches 

can successfully suppress such unwanted cross-correlation effects. The false effects of spin echo-

modulation during the 13C relaxation delay usually caused by the 13C-13C dipolar coupling can be 

suppressed by measuring T1ρ experiment instead of T2 (107) which is measured as a time constant 

during the loss of spin magnetization under the magnetic spin-lock conditions. T1, T2, and 

heteronuclear NOE are Fourier transformations of the autocorrelation function for molecular 

motion. Autocorrelated (T1, T2, T1ρ, NOE) and cross-correlated relaxation measurements (108) 

are useful in monitoring fast internal motions in the ps–ns timescales.  

The ability of NMR to detect chemical exchange between various conformational species 

usually occurs in the µs–ms timescale. The most frequently used NMR methods for probing 

conformational exchange the µs–ms timescale are relaxation dispersion measurements. 

Conformational exchange in the µs–ms timescale results in broad NMR signals. The broadening, 

reflected by conformational exchange, Rex, contributes to the measured transverse relaxation rate 
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(R2eff). For a two-site dynamic process, three physical parameters are obtained. The parameters 

are; interconversion rates (kex), the population fractions of the exchanging species (pA and pB) 

and the chemical shifts between pA and pB (Δω). The value of the effective transverse relaxation 

rates (R2(eff) or R1ρ(eff)) derive contributions from R2
* (R2 relaxation from dipolar and chemical 

shift anisotropy relaxation) or R1ρ∞ (relaxation rate at infinite spin-lock power) and Rex, is the 

relaxation attributed to conformational exchange. Equations 1-4 and 1-5 summarize the 

expressions. 

R2(eff) =  R2
*  

+
  Rex                                                                    1-4 

R1ρ(eff) =  R1ρ∞  +  Rex                                                                 1-5 

 

There are several studies particularly of protein dynamics based on relaxation dispersion 

and off-resonance R1ρ (109-113). However, there are only a few studies focusing on 

conformational exchange in RNA, and even so in the of the power dependence of T1ρ (112, 114-

116). An example of studies exploring T1ρ relaxation in the leadzyme indicates that the thermal 

fluctuation of the reactive groups are involved in transitioning highly populated inactive state to 

the low populated active state (115). Also, NMR work done by Johnson et al (112), derived the 

transverse relaxation rates of RNA ribose during conformational exchange which was 

determined to depend on a range of factors including the nuclei exchange lifetime, relative 

populations of exchanging species, pulse rate, and the chemical shift difference between the 

conformational states. In this thesis, we have used hairpin ribozyme loop A as a model to further 

characterize similar dynamic modes in the loop region of RNA using NMR. The findings of this 

investigation have been presented in detail in Chapter four of this thesis. 
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1.2.1. Functional probing of RNA dynamics 

The conformational dynamics of RNA can originate from the phosphate backbone, base, 

or ribose. However, it remains a challenge to directly probe the functional significance of a 

specific RNA conformational change or dynamic region. Our lab introduced a specific isotope-

labeling scheme that addresses the challenges of ribose 13C NMR analysis of dynamics in RNA. 

Previous attempts at probing RNA dynamics by taking advantage of conformational preferences 

of nucleotides with substitutions at the 2'-carbon have been thwarted by the relatively modest 

magnitude of such preferences, representing a maximum of ~0.8 kcal/mol at 298 K for the most 

commonly used nucleotides. Our lab has also demonstrated the use of conformationally 

restricted locked nucleic acid (LNA) to perturb ribose dynamics in a lead-dependent ribozyme 

and other systems (117). An LNA nucleotide features a methylene linkage between 2'-oxygen 

and 4'-carbon which conformationally restricts the nucleotide to a C3'-endo pucker. Here, Julien 

et al demonstrated the role of modulating dynamics with a 20-fold increase in catalytic rate in the 

leadzyme upon LNA substitution at G9. This observation provides a precise tool for mapping 

conformational change at a specific ribose site that appears to be a key part of the generation of 

the active state of the ribozyme. LNAs have also previously been incorporated into helical 

regions and recognition arms of 10-23 catalytic DNA and the hammerhead ribozymes in an 

effort to improve targeting of cellular and RNA sequences resulting in dramatic effects upon 

structural stability and target affinity (118, 119). This strategy can be applied to a variety of 

ribozymes that exhibit C3'/C2' sugar pucker transitions. Most notably, critical dynamic residues 

in loop A of the hairpin ribozyme including G8, U+2, C+3 and A-1 whose sugar puckers are 

either C2'-endo or mixed C2'/C3' (3, 4) can provide good probe sites for comprehensively 

assessing the effects of dynamics on the function of hairpin ribozyme.  
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In catalytic RNA the role of dynamics is even more prominent than most protein 

enzymes. It appears that the conformational fluctuations from a stable ground state to an 

activated conformer are an inherent part of most ribozymes. One notable example includes the 

conformational rearrangements observed between crystal structures of precursor and product 

forms of the hepatitis delta virus (HDV) with catalytic or inhibitory metal ions binding only to 

the precursor form (120). Conformational rearrangements have also been observed between 

isolated and docked hairpin ribozyme loop A structures (3, 4). These features show that 

conformational dynamics is not only vital to catalytic activity but could also be involved in 

directing chemistry. In this thesis, we have taken a multi-pronged approach of using Molecular 

dynamics (MD) simulations and NMR spectroscopy to characterize conformational dynamics 

and sampling in loop A of the hairpin ribozyme. Both MD simulation and NMR spectroscopy are 

robust techniques which present us with a unique ability to investigate dynamic properties of 

molecules over a range of different timescales with atomic resolution, and integrate both results 

in understanding the mechanism behind RNA-RNA tertiary interactions. To achieve this goal we 

have done extensive MD simulations and herein presented our detailed results in chapter two. 

We have also isotopically labeled the hairpin ribozyme loop A using 15N and 13C, assigned the 

resonances and carried our NMR relaxation studies also presented in chapter four of this thesis. 
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ABSTRACT 

Dynamic fluctuations in RNA structure steer changes that correlate with a broad 

spectrum of functions. These conformational fluctuations yield various populations based on the 

free energy and the transition rates between various conformers along the free energy landscape. 

Conformational redistribution in non-coding RNA is driven by cellular signals that affect the 

rugged RNA free energy landscape. To assess conformational sampling in the pre-docking form 

of the hairpin ribozyme, we have run several explicit solvent Molecular Dynamics (MD) 

simulations of the hairpin ribozyme loop A domain totaling 2.4 µs. We observed one dominant 

conformer and other minor states identified using hydrogen bonding and base stacking 

interactions in the active site loop region of loop A. Targeted Molecular Dynamics (TMD) was 

used to model inter-conformer transitions. Using the Markov State Model (MSM) analysis we 

constructed the kinetic pathways within each conformer and the transition network among a set 

of conformers. The Molecular Mechanics Poisson-Boltzmann Surface Area (MMPB/SA) 

approximation was applied to predict conformational energies and energy barriers between 

conformations. The barrier height between two of the observed conformations (named AA/UA 

and AA/CA) is accessible based on modest energies reported for this transition. However, 

transitions to a third conformer (GA/UA) appear to be energetically inaccessible. This study 

indicates that RNA undergoes structural versatility through several kinetic states and transitions, 

a phenomenon that underscores the formation of a rugged tertiary energy landscape with 

multiple accessible states for RNA, consistent with a role for conformational sampling in the pre-

organization of loop A RNA prior to RNA-RNA interactions. 
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2.1 INTRODUCTION 

The critical role of conformational dynamics in macromolecular function, allostery, catalysis, 

and ligand recognition is well appreciated (1-4). The dynamics-function relationship provides the 

missing link in more traditional structure-function paradigms where the motional variables have 

been frozen out using mutation or modification (5, 6). While the structure-dynamics-function 

relationship has been explored extensively in proteins, less is known about how RNA structure 

and dynamics relates to its biological roles (7, 8). In the context of ribozymes, a detailed 

understanding of the how RNA structure and dynamics limit catalytic rates involves dynamic 

aspects of RNA-RNA interaction processes. Two frameworks are often discussed to describe the 

formation of macromolecular interactions: induced fit and conformational capture. In the induced 

fit mechanism, binding of the most populated state is followed by conformational change within 

the bound state. In contrast, the conformational capture mechanism invokes ground-state 

fluctuations of the binding partners that create a state resembling the conformation of the bound 

state.  Binding then occurs when the partner(s) visit the respective binding conformations. When 

the energy landscape of the binding partners is complex because one or both partners in isolation 

sample multiple conformations, the presence of a defined state or measurable population 

corresponding to a conformation resembling the bound state would be taken as evidence for 

conformational capture.  

Molecular Dynamics (MD) simulation and Nuclear Magnetic Resonance (NMR) have 

showcased their power in assessing macromolecular motions as well as conformational sampling 

(9, 10) and are thus useful for interrogating timescales relevant for the conformational capture 

process. In the case of RNA, the energy landscape is typically more rugged than for proteins (11-

13). This means that multiple alternate states, separated by kinetic barriers, may be populated to 
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a significant extent at physiological temperatures. This has hindered past efforts to fully 

characterize the conformational dynamics of RNA and in particular to explore to what extent 

conformational capture or induced fit processes are at play in RNA-RNA interactions.  

Here, we have used the hairpin ribozyme as a model to study RNA dynamics in ensemble 

formation and inter-conformer transitions. The hairpin ribozyme catalyzes reversible, site-

specific phosphodiester bond cleavage to yield 5'-OH and a 2'- 3'-cyclic phosphate terminus (14, 

15).  The ribozyme consists of two RNA loops A and B that interact (dock) to form a multi-

domain structure that acts to cleave the phosphodiester bond within loop A (Figure 2-1). Loops 

A and B and their flanking helices constitute the catalytic core of the hairpin ribozyme derived 

from tobacco ringspot virus satellite RNA (16). This catalytic core reveals a network of stacking 

and hydrogen-bonding interactions within the active site that orient the reactive phosphate in the 

in-line orientation for an SN2-type nucleophilic attack mechanism. In addition, nucleotide base 

functional groups are oriented near the reactive phosphate to facilitate catalytic chemistry (17, 

18). The catalytic function of the hairpin ribozyme represents a system that can serve as a 

potential therapeutic agent. Previously, the hairpin ribozyme has been engineered to specifically 

cleave HIV-1 RNA (19, 20). NMR structures of the isolated loop A and B have previously been 

determined as have been the crystal structures of the numerous docked forms (17, 21-28). 

Significant structural rearrangements of both loops are observed upon formation of the docking 

complex (17, 21, 22, 29-31). For example, U+2 in the free form of loop A is extrahelical, while it 

forms a non-canonical G8-U+2 base-pair in the docked form. Similarly, U41 in the free loop B is 

extrahelical, but it forms the A22-U41 canonical base-pair in the docked form (Figure 2-2). A 

critical residue G+1 in loop A interacts with C25 in loop B to form a G+1-C25 inter-domain 
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base-pair by interrupting the G+1-A9 and C25-U37 non-canonical base-pairs in the individual 

loops A and B, respectively.  

Recently, loop A and B interaction kinetic rates have been reported by the Hoogstraten group 

(32). The reported docking association rate reveals a very slow but tight docking process 

between loop A and loop B (on-rate five orders of magnitude below the diffusion limit). This 

slow association rate as well as structural versatility between the free and docked forms, 

especially for the key residues involved in the interaction, has led us to the hypothesis that 

isolated loops A and B may both sample the docking-competent states in a possibly double 

conformational capture docking mechanism. The major loop rearrangements observed upon 

docking, as well as the kinetically unfavorable docking process, both argue for a tight and 

mechanistic role for conformational dynamics in the pre-organization of the catalytically-

competent active site of the hairpin ribozyme. An alternative induced fit mechanism would be 

expected to be kinetically accelerated. Here, we focus on probing the conformational sampling of 

just the loop A domain of the hairpin ribozyme as an initial step to understanding the active site 

dynamics in this RNA system. As the main tool, we have used MD simulations to map out the 

conformational ensemble visited by loop A and we describe here the energetics and the pathway 

for transitions between alternate conformers identified from the simulations via transitions 

through kinetic states.  
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2.2 MATERIALS AND METHODS 

2.2.1 Molecular dynamics (MD) simulations using NAMD and the CHARMM force field  

Explicit solvent Molecular Dynamics (MD) simulations were carried out initially with loop A 

coordinates kindly provided by Ignacio Tinoco Jr. based on the loop A structure determined by 

NMR (22) to validate the force field. In additional simulations, stem 1 of Tinoco’s loop A 

(denoted as LpA) was modeled to incorporate a GAAA tetraloop from an RNA structure in 

complex with theophylline (PDB code 1O15) (33). Residue C-1 was mutated to A-1 using the 

MMTSB Tool Set (34) to restore the binding sequence of loop A to its native sequence. One G-C 

base pair was added at the end of stem II to enhance its stability during the simulation time. This 

construct is denoted hpA. The hpA 2'-OH of the A-1 residue was also methylated in additional 

simulations to explore experimental constructs. The 2'-O-methylated hpA is denoted hpAome. 

Experimental data from our group (unpublished) had previously shown significantly lower 

docking affinities for 2'-O-methylated loop A (hpAome) with loop B compared to non-

methylated loop A (hpA). Constructs are illustrated in Figure 3 of the Results section. 

The loop A RNA structures were solvated in a cubical box with TIP3P water molecules (35, 

36) using a minimal distance of 10 Å from any RNA atom to the edge of the simulation box. The 

systems were neutralized with 18 Na+ ions for Tinoco’s loop A (LpA) and 26 Na+ counterions 

for both hpA and hpAome constructs. The cubical box dimensions were (56.8 Å)3, (62.3 Å)3, and  

(63.4 Å)3 for Tinoco’s loop A (LpA), hpA, and hpAome, respectively. Periodic boundaries were 

applied in all simulations. The particle-mesh Ewald (PME) method was used to model the long-

range electrostatics interactions (37, 38). The solute-solvent systems were minimized with an 

initial harmonic restraint potential applied to heavy atoms with a force constant of 5 kcal/(mol 

Å2). The same restraints were also applied during the initial heating phases. Finally, the systems 
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were allowed to relax in several equilibration runs with a decreasing harmonic potential applied 

to the heavy atoms at 10 K temperature increments until a temperature of 200 K was attained. 

Additional equilibration without restraints was then completed to allow for full relaxation of the 

system while slowly heating to 298 K over 100 ps. All bonds involving hydrogens were 

constrained holonomically by the SETTLE algorithm, which allows us to use a time-step of 2 fs. 

The CHARMM36 force field was used (39-43) in NAMD (44) to run Tinoco’s loop A (LpA) 

construct for 100 ns. CHARMM36 was also used to simulate the loop A constructs, hpA and 

hpAome. Six independent simulations were run for the hpA and hpAome systems using different 

random seeds. Individual simulations are labeled hpA1-6 and hpAome1-6 respectively. All 

simulations are summarized in Table 2-1.  
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Table 2-1: Summary of molecular dynamics simulations of loop A constructs 

Simulation 
 

LpAa LpAa hpAb hpAomec 

Length of 
simulation (ns) 

 

100 100 200 200 

Force field 
 

CHARMM36 Amber ff10 CHARMM36 CHARMM36 

Number of 
simulation 

1 1 6 6 

aLpA denotes explicit solvent simulation on Tinoco’s loop A (Figure 3A) using CHARMM36 
and Amber ff10 force fields respectively.  
bhpA represents simulation of our loop A construct (Figure 3B) without any methylation. The 
simulation replicates (six) were designated hpA1, hpA2, hpA3, hpA4, hpA5 and hpA6.  
chpAome is our simulation construct with 2'-O-methylation at residue A-1. This simulation has 
also six replicates named hpAome1, hpAome2, hpAome3, hpAome4, hpAome5, hpAome6. 
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2.2.2 MD simulations using sander and the Amber force field  

To compare force field performance, we also carried out simulations with the Amber 

force field. Again, the starting structure was obtained from Tinoco’s loop A NMR structure 

(LpA). The RNA was neutralized with 18 Na+ counter ions using xleap at positions of high 

negative electric potential and solvated in a rectangular water box measuring 66.4 Å x 69.4 Å x 

80.4 Å with a minimum 10 Å thick layer of TIP3P water molecules around the loop A RNA. 

Long distance electrostatic interactions were accounted for again by using the particle-mesh 

Ewald summation (38). Minimization of the solute-solvent system was done in two steps. First, 

the RNA was restrained with a harmonic potential force of 500 kcal/(mol Å2) in 500 steps of 

steep descend minimization followed by 500 steps of conjugate gradient minimization. Second, 

the whole system (RNA, solvent and ions) was minimized together without restraints during 

2,500 steps at a constant volume with periodic boundaries. After the dual-step minimization, the 

system was gradually equilibrated by heating from 0 K to 300 K over 100 ps using the Langevin 

thermostat (45) with 10 kcal/(mol Å2) positional restraint using NVT followed by a 100 ps 

equilibration at 300 K under NPT conditions without restraints. The SHAKE algorithm (46) was 

used to constrain covalent hydrogen bonds during the simulation and allow a 2 fs time step. The 

sander module of Amber 11 with the amberff10 force field was used for this simulation (47, 48) 

followed by a production phase of 100 ns. 

2.2.3 Targeted molecular dynamics (TMD) simulation 

Targeted Molecular Dynamics (TMD) (49) simulations were applied to sample the 

transition between two sets of conformers identified in the unbiased simulations. In particular, 

TMD was used to drive one of the observed simulation structures (denoted AA/UA, see results) 
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to two different structures (denoted as GA/UA and AA/CA) in separate TMD simulations. In 

TMD, the following biasing potential was applied to drive one conformation to the other: 

                           2
0 )()(

2

1
tRMSDtRMSD

N

k
U TMD    

where RMSD(t) is the root mean square deviation of heavy atom coordinates with respect to the 

target coordinates, RMSD0(t) is the target RMSD value at a given time, k is the force constant 

and N denotes the number of atoms. Initial values of RMSD(t) were set to 4.01 Å for the 

AA/UA-GA/UA TMD simulation and to 3.79 Å for the AA/UA-AA/CA TMD simulation. We 

initially tried several different force constants to optimize the transition and ability to reach a 

final RMSD difference of less than 1 Ǻ between the starting and target structures. After several 

trial runs, we decided on a force constant of 300 kcal/(mol Å2) that was applied to all heavy 

atoms. TMD was carried out using explicit solvent with a periodic boundary box of 62 x 62 x 62 

Å3 to solvate RNA neutralized by Na+ counterions with the same parameters as in the unbiased 

CHARMM simulations described above. After initial minimization and equilibration, TMD 

simulations were run at 298K for 2 ns. Both sets of TMD simulations were repeated ten times 

each time with a different random seed. The simulation trajectories were combined and clustered 

using a k-means clustering algorithm based on RMSD to obtain conformational transition 

pathways between the initial and target conformations. The observed conformations along the 

TMD pathway obtained via clustering were then subjected to Molecular Mechanics Poisson-

Boltzmann Surface Area (MMPB/SA) analysis (50-59) to estimate the conformational free 

energies in each ensemble cluster along the TMD transition pathways.  
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2.2.4 Analysis 

The analysis of the simulations was carried out using the MMTSB (Multiscale Modeling 

Tools for Structural Biology) Tool Set (34) in conjunction with CHARMM. Markov state model 

(60) analysis was also used to identify and model conformational states and the kinetic 

transitions between those states using the MSMBuilder 2.0 software package (61). RMSD values 

were calculated for all heavy atoms excluding the terminal bases due to fraying. Previously 

reported NMR nuclear Overhauser effect (NOE) distances were measured for average 

CHARMM36 and Amber ff10 structures using PyMOL (62) and VMD (63) visualization 

software.   

2.3 RESULTS 

2.3.1 Force field validation 

Molecular dynamics simulations were carried out on the loop A domain of the hairpin 

ribozyme to study the conformational sampling of RNA, especially in the context of encounter 

complexes. Since stability of force fields is an ongoing problem in the RNA simulation field, , 

we initially carried out simulations of the loop A structure obtained from Cai and Tinoco Jr. (22) 

using the two recent force fields from the Amber and CHARMM families (Amber ff10 and 

CHARMM36) to evaluate which force field results in better agreement with the experimental 

data. Figure 2-3A shows the heavy atom root mean square deviation (RMSD) with respect to 

Tinoco’s loop A starting structure during 100 ns of MD simulation with either the CHARMM36 

or Amber ff10 force fields. Both simulations were stable as evidenced by RMSD values 

averaging about 3 Å from the NMR starting structure during the simulation. Furthermore, the 

agreement with NMR-derived Nuclear Overhauser Effect (NOE) distance constraints (22) was 

evaluated. The distances between specific protons that registered strong and/or medium NOEs 
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for the  loop A average simulation structures were analyzed from the simulations. The results, 

summarized in Table 2-2, focus on five characteristic distances that are not present in regular A-

form structures for which NOE constraints are available. As can be seen, in the simulation with 

the Amber force field, the average simulation structure violates all but one NOE distance 

constraint, while only two NOEs are missed with CHARMM36 (A9H1'-C+3H6 and A9H1'-

C+3H1') and the A9H1'-C+3H6 distance in the CHARMM36 simulation is closer to the NOE 

range than with the Amber force field. We note, however, that in both of these cases, the 

reported  solution structure has NOE distances at the upper limit of the NOE constraint range, 

indicating that these distance constraints may be problematic. Finally, we analyzed ribose sugar 

puckering and base geometries (shear, buckle etc.) and again found better agreement with the 

experimental data for the average structure generated by the CHARMM36 force field (Table 2-

3) compared to the Amber ff10 average structure.  Based on these initial simulation results, we 

chose the CHARMM36 force field for carrying out subsequent simulations of the wild-type loop 

A (Figure 2-3B) construct. 

2.3.2 Conformational heterogeneity of wildtype loop A 

The wild-type loop A construct was modeled based on the mutant loop A NMR structure 

but with C-1 mutated to A-1. While we were initially interested in comparing the methylated and 

non-methylated constructs to explain differences in experimental association rates, analysis of 

the simulation results does not suggest significant differences between the two forms in terms of 

the conformational sampling of loop A alone (Figure 2-4). Using the, statistical F-test, we 

obtained an F-value of 1.1164 between the two population variances which suggests that the 

conformational distribution between methylated and non-methylated loop A was similar in all 

our simulations.  
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Table 2-2: Comparison of NOE distance constraints with simulation averages using Amber 
and CHARMMa 

Atom Pair NOE Distance 

constraint (Å) 
Tinoco’s 
structure (Å) 

CHARMM36 
MD average (Å) 

Amber ff10 
MD average (Å) 

U+2H1'- C+3H5 1.8-3.0 3.0 2.5 5.9 
 

A9H1'- C+3H6 2.5-4.0 3.9 5.4 8.5 
 

A9H1'- C+3H5 3.0-6.5 4.4 6.3 9.5 
 

A9H1- C+3H1' 3.0-6.5 3.2 4.5 5.4 
 

A9H4'- C+3H1' 1.8-4.0 4.0 7.6 7.7 
     
a NOE distances as reported in Tinoco’s loop A structure (22) in comparison to distances in the 
average structures derived from simulation with CHARMM36 and Amber ff10 force fields 
repectively. Atom distances were obtained from 100 ns CHARMM36 and Amber ff10 
simulation average structures.  
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Table 2-3: Representative backbone and base-pair parameters of average structures 
derived from CHARMM36 and Amberff10 simulations respectively 

The numbers in bold indicate a significant conformational deviation of residue/base-pair with 
respect to Tinoco’s structure. 

Pseudorotation phase angle (degrees) χ torsion angle (degrees) 
Residue Tinoco’s 

structure 
CHARMM36 
MD average 

Amberff10 
MD 

average 

Tinoco’s 
structure 

CHARMM36 
MD average 

Amberff10 
MD 

average 
A4 7.2 14.8 11.5 -165.6 -161.9 -79.1 
C5 6.5 13.8 19.3 -156.8 -156.8 -147.3 
A6 6.7 9.0 11.9 -162.9 -152.7 -158.2 
A7 59.5 10.1 14.9 -169.5 -153.6 -148.3 
G8 181.3 173.7 17.3 -113.4 -107.8 -173.3 
A9 19.9 8.2 12.7 -162.9 -163.8 175.6 
A10 9.9 10.2 8.9 -171.6 -165.1 -169.7 
G11 0.4 13.3 7.2 -175.6 -168.5 -154.7 
G12 4.8 10.3 10.8 -170.4 -165.7 -166.9 
C13 7.1 37.5 55.1 -161.1 -152.9 -147.5 
G16 4.8 15.9 11.7 -179.2 -165.3 67.6 
C17 2.6 11.8 17.5 -162.9 -160.3 -173.5 
C18 16.3 14.4 17.6 -154.6 -160.9 -156.5 
C19 5.2 13.4 15.1 -172.6 -156.7 -143.3 
G20 186.2 175.7 169.4 -95.5 -116.8 -121.5 
U21 16.8 152.6 173.3 -173.4 -109.4 -144.9 
C22 40.1 11.9 24.7 -140.9 -158.8 -165.6 
U23 15.42 22.5 25.4 -153.9 -152.3 -160.0 
G24 2.07 13.6 11.9 -171.8 -149.2 -162.4 
U25 8.8 ND 13.1 ND ND -154.8 

 
 

Shear (degrees) Buckle (degrees) 
Base-pair Tinoco’s 

structure 
CHARMM36 
MD average 

Amberff10 
MD average

Tinoco’s 
structure 

CHARMM36 
MD average 

Amberff10 
MD average 

A4-U25 0.2 -1.1 7.7 6.8 30.6 35.2 
C5-G24 1.2 -0.4 -0.1 12.6 4.8 4.2 
A6-U23 -0.4 -0.5 0.5 29.8 17.7 3.41 
A7-C22 4.1 5.4 6.9 -14.1 -7.9 -11.4 
G8-U21 -0.3 1.9 -4.8 163.8 38.8 -2.5 
A9-G20 -4.9 -5.5 -2.6 -19.3 -19.2 -166.9 
A10-C19 -2.9 -2.8 -2.6 -14.6 0.6 -167.1 
G11-C18 -0.6 0.1 -2.1 -2.4 0.5 172.5 
G12-C17 -0.5 -0.4 -2.1 1.9 -3.9 168.8 
C13-G16 0.2 0.5 4.5 6.8 0.6 175.2 
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Therefore, we combined the sampling from both sets of simulations to yield a total of 2.4 µs 

explicit solvent MD simulations to describe the overall conformational ensemble of loop A.  As 

can be seen in Figure 2-3B, there were significant RMSD variations in some of the replicas 

indicating conformational heterogeneity. Representative simulation structures were subsequently 

obtained via k-means clustering based on mutual RMSD. The resulting conformations have been 

shown in Figure 2-5. The top and bottom three base-pairs in stems I and II maintained similar 

Watson-Crick base-pairing, as expected, but there were significant variations in the loop region 

(A-1 to C+3 and A7 to A10) involving alternate base-pairing and extra-helical bases. At the 

bottom of stem I, A-1 and G+1 residues were in base-pair competition with A10. In cases where 

A-1 was base-paired to A10, G+1 was either base-paired with A9 or stacked between other 

residues. G8 was always unpaired or stacked between other residues. At the top of stem II, U+2 

and C+3 were in base-pair competition with A7. Meanwhile the other unpaired bases in the loop 

were either stacked or flipped out of the helix.  

Further inspection suggested grouping into three major populations, namely AA/CA, AA/UA 

and GA/UA reflecting the combination of two major conformations each in stem I (AA and GA) 

and stem II (UA and CA). AA and GA were distinguished by A-1:A10 (AA) vs. G+1:A10 (GA) 

base-pairing, whereas CA and UA were distinguished by C+3:A7 (CA) vs. U+2:A7 (UA) base-

pairs. The schematic representations in Figure 2-6 highlight key variations in structural features 

of these populations. AA/CA (46%) was the dominant conformer while GA/UA (22%), AA/UA 

(24%) and GA/CA (4%) were minor conformers (Figure 2-6). We further characterized 

additional variations of these conformers within the conformers outlined above. Using Markov 

state model analysis (60, 61) we developed a network of kinetic states (macrostates) connected 

by transitions between and within other conformers (see Figure 2-7).  Six kinetically different 
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macrostates (a-f) were determined from the AA/UA ensemble simulation trajectory. The relative 

populations and energies of the kinetic states (macrostates) with respect to their primary 

conformations are detailed in Table 2-4. The dominant AA/UA macrostate (a, 77%) had a 

flipped out C+3 and G+1:A9 base-pair which undergoes kinetic transitions involving various 

orientations of C+3 flipping, tilting of U+2:A7 base-pair, movement of C+3 into the helix and 

breaking of G+1:A9 base-pair towards the formation of kinetically different macrostates. Within 

the AA/CA conformer, seven macrostates were identified. The dominant kinetic state within 

AA/CA (53%) featured flipped out U+2 and A9 residues. Other macrostates had A9 either 

flipped out or base-paired to G+1, different orientations of U+2 flipping, stacked U+2 and C+3 

flipping. Various C+3 flipping orientations and base stacking transitions were observed within 

the GA/UA conformer in the observed macrostates. Finally, the dominant GA/UA macrostate 

(64%) exhibited a flipped out C+3. A unique G+1:A9 base-pair was observed in one macrostate 

albeit in low (1%) population. Structural transitions among kinetic states (macrostates) and 

conformers were facilitated by dynamics of various key residues in the active site of loop A. 

Most notably U+2, C+3 and A9 adopted different conformations inside or outside the helix 

involving base-pairing, base-flipping and stacking.  

The kinetic transitions between the various conformations were facilitated by torsional dynamics 

involving particular transitions in the backbone ζ torsion angle accompanied by transitions in the 

sugar pucker phase angles of U+2, C+3 and A9. Base-flipping seems to be correlated with a 

C2'/C3'-endo mixed sugar pucker transition in these dynamic residues. Quantitative correlation 

analysis between base and sugar pucker dynamics in selected loop A residues has been shown 

(Table 2-3). Residues A9, U+2 and C+3 reported a 1:1 C2'/C3'-endo mixed sugar pucker to 

base-flipping ratio while G+1 reported a 2:1 ratio respectively.  
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Table 2-4: Characterization of the kinetic states observed during loop A simulation 

The kinetic transitions have been highlighted with AA/UA, GA/UA and AA/CA conformers 
using Markov state model analysis. The structures used in calculating RMSD are representative 
structures within each macrostate (a-u) population. 

Conformer Macrostate % Macrostate 
population 

within 
conformer 

RMSD (Å) 
relative to 

highest 
population 

ΔΔG 
(kcal/mol) 

AA/UA a 77.2 0.0 0.0 
 b 4.6 3.2 1.7 
 c 12.7 3.2 1.1 
 d 2.3 3.2 2.1 
 e 2.0 4.0 2.2 
 f 1.0 2.8 2.5 

GA/UA g 64.3 0.0 0.0 
 h 3.5 1.4 1.7 
 i 3.8 1.9 1.7 
 j 17.9 1.6 0.8 
 k 0.5 2.8 2.9 
 l 7.7 1.9 1.3 
 m 1.3 2.1 2.3 
 n 1.0 3.0 2.5 

AA/CA o 52.9 0.0 0.0 
 p 1.4 1.9 2.2 
 q 40.7 0.7 0.2 
 r 2.8 0.9 1.7 
 s 1.0 2.2 2.6 
 t 1.0 2.6 2.3 
 u 0.5 2.6 2.8 
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Table 2-5: Residue dynamics for selected loop residues during hpA simulations 

Residues % C2’/C3’-endo 
sugar pucker 

% Base flipped 
out 

A7 
  

16.7 0.0 

G8 
  

16.7 0.0 

A9 
  

33.3 40.0 

G+1 
  

16.7 8.33 

U+2 
  

50.0 40.0 

C+3 
  

33.3 30.0 

aSugar pucker and base flipped-out percentages for each residue were calculated as a fraction of 
observed mixed (C2’/C3’) pucker and complete flip-out with respect to all the six hpA unbiased 
simulations. A cutoff percentage ≥ 25% was considered as evidence of dynamics within the 
residue.   
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The base-flipping with mixed pucker correlation has been observed in DNA in the methylation 

of target cytosine by the bacterial DNA cytosine methyltransferase M.Hha (64). A9 adopts a 

broad range of conformations including base-pairing to G+1 to intrahelical base-stacking 

whereas C+3 samples various extrahelical orientations and U+2 assumes various extrahelical 

orientations. C+3 is mostly base-paired but can transition to extrahelical base-flipping with the 

base adopting various extrahelical orientations. (Figure 2-8, Table 2-4).  

2.3.3 Conformational transitions between major states 

The MD simulations, when started from different random seeds, reached different 

conformational states as detailed above and illustrated in the Markov state model (Figure 2-7). 

While minor transitions were observed in some of the simulations such as G+1:A10 to G+1:A9 

in stem I, transitions between the major states were not observed, presumably because of 

significant kinetic barriers. In order to sample the major transitions we performed targeted MD 

simulation (TMD) from AA/UA to GA/UA and AA/CA conformers respectively (Figure 2-8) in 

two separate TMD simulations. In one TMD simulation (AA/UA to GA/UA), there was a 

transition of the A-1:A10 base-pair to G+1:A10 due to the reorientation of A10 residue. This 

rearrangement led to transitional stacking of A9 between G+1 and G10. A9 moved out of 

position giving way for G+1 to base-pair with A10. The G+1:A10 base-pair formed is 

subsequently stabilized in the last 0.2 ns of the simulation (Figure 2-8).  Similarly, in another 

TMD simulation transition (AA/UA to AA/CA), there was a loss of U+2:A7 base-pair due to 

extra-helical movement of U+2. Meanwhile, the previously extrahelical C+3 moved into the 

helix to form a non-canonical base-pair with A7 that was previously base-paired to U+2. These 

U+2 and C+3 trans-directional dynamics propagated the formation of a new non-canonical 

C+3:A7 base pair observed in the AA/CA conformer (Figure 2-8). This conformational 
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transition was completed within 60% of the TMD simulation with the new C+3:A7 base-pair 

formed and stabilized in the remaining 40% of our simulations. Similarly to the kinetic 

transitions, A9, U+2 and C+3 residues displayed dynamic behavior that drove the 

conformational transitions and subsequently conformational sampling in loop A. 

We calculated the energies for each conformational ensemble and the barrier height 

between the two sets of conformational transitions in TMD simulations via Molecular Mechanics 

Poisson-Boltzmann Surface Area (MMPB/SA). The calculated conformational energies, for 

AA/UA and AA/CA were -2007 and -2003 kcal/mol, respectively (see Table 2-6) with the 

difference within the 2-4 kcal/mol error of the MMPB/SA method. The U+2:A10 to C+3:A10 

base-pair transition was estimated to have an energy barrier of ~13 kcal/mol (Figure 2-8A). The 

GA/UA conformer, however, reported a higher energy (-1990 kcal/mol) compared to AA/UA 

and AA/CA conformers consistent with the low relative population (21.5%) observed during 

explicit solvent simulation. The A-1:A10 to G+1:A10 base-pair barrier height was estimated as 

~30 kcal/mol (Figure 2-8B) indicating that this transition is limited by a large kinetic barrier 

between AA/UA and GA/UA. This high energy barrier for the formation of GA/UA conformer 

supports the dominance of A-1:A10 over G+1:A10 base-pair in stem I effectively favoring the 

lower energy AA/UA and AA/CA conformations. The stem II base-pair transition between 

U+2:A7 to C+3:A7 base-pair was readily achieved by U+2 and C+3 dynamics, especially by 

their ability to flip in and out of the helix to facilitate base-pair formation. These dynamics are 

likely responsible for the lower energetic barrier between the AA/UA and AA/CA 

conformations.  

 



67 
 

Table 2-6: Conformational energies of loop A conformers calculated with MMPB/SA 

Loop A conformer Signature base pair(s) Energy (kcal/mol) 

AA/UA A-1:A10 and U+2:A7 -2007.1 ± 0.7 

GA/UA G+1:A10 and U+2:A7 -1990.3 ± 0.6 

AA/CA A-1:A10 and C+3:A7 -2002.6 ± 0.6 

aConformational energy values for loop A conformers calculated by the Molecular Mechanics 
Poisson-Boltzmann Surface Area (MMPB/SA) for AA/UA, GA/UA and AA/CA conformers. 
The reported energies are averages for the cluster ensembles representing each conformer. The 
statistical error was estimated based on the standard error between block averages.  
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2.4 DISCUSSION 

The conformational dynamics of RNA are key for understanding its functional properties. 

Specifically, RNA internal loops are common motifs that constitute the active site of many 

functional RNAs including ribozymes. The understanding of RNA internal loop base-pair and 

stacking interactions and their conformational variations are therefore key features in predicting 

RNA interaction and function.  In this work, we have characterized the conformational variations 

of the hairpin ribozyme loop A domain containing an internal loop that is essential in forming 

RNA-RNA tertiary interactions with subsequent backbone cleavage. Using unbiased explicit 

solvent simulation we identified a surprisingly complex conformational energy landscape with 

three major conformations (conformers), distinguished by alternate base-pairing and stacking 

interactions within the internal loop of loop A, as well as numerous minor kinetic states within 

each of the major conformers. Transitions between different states primarily involved the 

dynamics of conserved bases U+2, C+3 and A9 through backbone torsional dynamics. We find 

significant kinetic barriers, especially between the three major conformers that reinforce the idea 

of an RNA energy landscape that consists of many deep local minima separated by kinetic 

barriers and complex transition pathway networks (65, 66). For example, the high kinetic barrier 

between AA/UA and GA/UA conformations (Figure 2-8A) can be overcome by sampling 

several states that ultimately permit population of the minor GA/UA conformation (Figure 2-6), 

among other conformers. Similar mechanism may be at play in the transition between AA/UA to 

AA/CA. The kinetic states therefore provide a pathway for accessing loop A shallow and deep 

conformational wells that stabilize the observed conformations. The conformational transitions 

implicated several active site residues including U+2 and C+3. The dynamics of U+2 has 

previously been reported by Cai and Tinoco’s observation of  broad U+2 NMR cross-peaks in 
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NOESY and COSY experiments performed in loop A (22) implying that this residue indeed 

undergoes conformational exchange. Our results indicate that this exchange is predominantly 

base-flipping facilitated by pucker exchange. Similar NMR studies have shown that both U+2 

and C+3 sugar puckers reported mixed C2'/C3'-endo within the NMR structure of isolated loop 

A further supporting the conformational exchange of these two residues.  

2.4.1 Sampling of docked loop A structure 

A key question is how the conformational sampling of loop A in isolation relates to the 

conformation that is adopted when docked to loop B. Multi-conformational sampling of loop A 

results in a conformation (AA/CA) with structural similarity to the docked loop A, capable of 

docking with an activated loop B. By assessing the specific conformational changes inherent in 

the docked loop A crystal structure, we tabulated some of these conformational similarities with 

the docked structure with their relative population (Table 2-7). G+1 sampled extrahelical 

conformers approximately 8% of the time, mostly in our 2'-O-methylated loop A simulation, 

suggesting that the A-1 2'-O-methylation (also in the docked form crystal structure) may slightly 

stabilize the G+1 extrahelical stacking.  Within the structures of isolated loop A and docked loop 

A, the base-pair and base stacking interactions reported significant variations. For example, G+1 

was base-paired with A9 in the isolated loop A, while it was extra-helically base-paired with C25 

in loop B (Figure 2-2) in the docked form. Although C+3 stacked between A7 and G8 in 

isolated loop A, the same residue was base-paired with A7 in the docked conformation. The 

dynamics of residues U+2 and C+3 in our simulations play a significant role in the formation of 

C+3:A7 base-pair in the AA/CA conformer, also observed in the docked structure (17). RNA 

dynamics and C+3:A7 base-pair formation suggests pre-organization from an inactive to active 

loop A RNA during our simulations, in which some features of the docked form are sampled. By 
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structurally comparing loop A’s active site between our observed conformers with docked form 

of loop A (Figure 2-10), we determined the relative structural similarity of the AA/CA 

conformer and the crystallographically-observed docked conformation of loop A with an RMSD 

of 2.6 Å. This conformational sampling was facilitated by reorientation of specific active site 

residues and RNA backbone towards the structure of docked loop A besides the formation of a 

unique C+3:A7 base-pair interaction also observed in the docked conformation but not in 

isolated loop A. This is consistent with the free energy landscape of loop A RNA allowing 

sampling of an activated conformer resembling the docked structure. This may suggest that 

conformational selection at least plays a role in activating loop A. However, other conformers 

(AA/UA and GA/UA) are not structurally similar with docked loop with the heavy atom loop 

RMSDs of 4.2 Å and 3.2 Å respectively as referenced to the docked structure.  

Although the AA/CA conformer is closer to the docked form than are the other major 

conformers, not all base-pair and stacking configurations match the docked crystal structure. It is 

possible that the docked structure is visited during longer (millisecond) timescales which are not 

reached in our simulations. However, it is more likely that the presence of loop B is necessary to 

fully form the docked structure. This is supported by the formation of several tertiary interactions 

between loop A and loop B, mostly stabilized by loop B.  In the crystal structure of docked loop 

A, G+1 is extra-helical while base-pairing with C25 in loop B (17). In our simulations we see 

dynamics of G+1 with a minor G+1:A10 base-pair. This suggests a hybrid interaction 

mechanism for the docking of loop A to loop B where initial conformational selection is 

followed by an induced fit mechanism. A similar mechanism has recently been observed in 

U1A-RNA molecular recognition where Helix-C is structurally reoriented to allow RNA access 

in the absence of RNA (67).   
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Most docking-competent interactions were sampled during our simulations albeit in various 

populations (Table 2-7). However, we did not observe conformational similarity of residue A-1 

between our simulation structures and the docked loop A structure. This active site residue 

constitutes the cleavage site which may undergo rearrangements similar to the docked form in 

only the presence of loop B or at longer timescales. Intra-domain and inter-domain tertiary 

interactions jointly prepare loop A for docking to its partner loop B.  

The role of the GNRA tetraloop in stabilizing RNA provided a good control for assessing 

dynamics in loop A. It is worth noting that the GAAA tetraloop incorporated in our RNA 

remained quite stable over the simulation time consistent with the NMR structure (68) and other 

simulations done at similar temperatures (69, 70). This suggests that our observations were not 

biased by force field artifacts but that they provide a realistic behavior of this independently 

folded RNA. Previous studies of RNA indicate the formation of AA and GA sheared-type non-

canonical base-pairing within the RNA loop (71-74) suggesting a possible alternate base-pair 

transition. This observation is consistent with alternate A-1:A10 and G+1:A10 observed in our 

conformers. An earlier simulation of the docked loop A (75) showed limited dynamics and 

structural conservation with the crystal structure, suggesting that flexibility of loop A in our 

simulation is necessary for its pre-organization to the docked form. The observation of multiple 

conformations and internal loop dynamics lays down a framework for understanding RNA 

dynamics and especially in pre-organizing RNA for activation within a complicated rugged 

energy landscape.  

 

 



75 
 

Table 2-7: Percentage population that sample specific interactions observed in the docked 
form of loop A during isolated loop A simulation. The cutoff for base-pair formation was set 
at 3.5Å   

 Residue(s) Conformation % Population 
Base-pair A-1:A9 Base-pair 0.0 
 U+2:G8 Base-pair 2.3 
 C+3:A7 Base-pair 51.2 
Stacking G+1 Extra-helical 8.3 
Ribose pucker A-1 C2'-endo 0.0 
 U+2 C3'-endo 41.7 
 C+3 C3'-endo 75.0 
 A7 C3'-endo 83.2 
 G8 C3'-endo 41.7 
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2.4.2 Functional relevance 

In RNA, dynamics is important to facilitate the diverse structural rearrangements 

associated with transitioning kinetic barriers to functionally competent structures. To accomplish 

these transitions, thermal and conformational activation provides the energy to drive RNA 

transitions to their dynamic functional roles. For example, the internal motions leading to the 

melting of base-pairs near the internal loop of HIV-1 stem loop 1 have been observed using 

NMR similar to a secondary structural transition that occurs during viral maturation (76). 

Moreover, cross-linking experiments have shown the formation of multiple functional folds of 

the hairpin ribozyme under different metal ion conditions implicating  U+2 and C+3 residues 

(77).  This suggests that under physiological conditions, solution conditions and other factors 

facilitate functionally relevant RNA transitions. The assessment of loop A provides the initial 

step to understanding tertiary structure formation and RNA-RNA interaction mechanism and 

dynamics in RNA. An NMR study of loop B by the Feigon group reported multiple mutually-

inconsistent interproton NOEs, which is also consistent with the existence multiple 

conformations (21). Some of the NOEs were eventually suggested to be consistent with the 

docked state. These experimental observations also provide support for a possible 

conformational sampling in loop B, the docking partner of loop A. Taken together, the dynamics 

in loop A and subsequent formation of multiple kinetic substates and transitions present initial 

evidence for conformational sampling as a way of exploring the rugged free energy landscape. 

This process results in activated molecules capable of RNA-RNA interactions to effect 

functional output. Loop A domain of the hairpin ribozyme provides us with an excellent model 

for understanding the detailed mechanism for this process.  
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2.5 CONCLUSION 

Unbiased MD simulation was used to determine conformational heterogeneity in RNA 

based on alternate base-pairs within a subset of residues in the loop region of domain A of the 

hairpin ribozyme. The conformers were determined using non-canonical base-pair combinations 

in stems I and II. The Markov state model analysis of our simulations determined several 

macrostates that undergo kinetic transitions within different local minima based on subtle 

structural changes and dynamics within a set of residues. Base and backbone dynamics also play 

an important role in alternate base-pair formation and subsequently conformational sampling in 

loop A. This suggests that conformational sampling and transition in loop A RNA is a key 

strategy to avoiding the kinetic traps that localize RNA in non-functional conformations. Kinetic 

transitions are therefore achieved through sampling a series of kinetic states which subsequently 

prepare the RNA to overcome the kinetic energy barriers to form functional (active) RNA. The 

most populated conformer, AA/CA, closely sampled conformational properties similar to the 

activated (docked) loop A conformation. This is significant because it highlights the role of 

conformational sampling in activating loop A (conformational selection) for the critical tertiary 

RNA-RNA interaction. This unique intrinsic base-pair rearrangement within a subset of kinetic 

states and transitions to conformations along the potential energy surface support the rugged but 

accessible free energy landscape of RNA with mechanistic properties that direct pre-organization 

to the activated state. The multiple conformers and inter-conformer transitions observed lay a 

foundation for understanding tertiary RNA interactions in the hairpin ribozyme, as well as in 

functional RNA systems more generally. 
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CHAPTER 3 

CONSTRUCT OPTIMIZATION, DOCKING STUDIES AND NMR RESONANCE 
ASSIGNMENT OF THE LOOP A DOMAIN OF THE HAIRPIN RIBOZYME 
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3.1 INTRODUCTION 

Since globular RNAs lack a central hydrophobic core, the driving force for the interaction 

of multiple RNA helices and loop regions into a highly ordered tertiary structure is still unclear 

in comparison to proteins. A clear understanding of the formation of RNA tertiary structure is 

thus vital to unravel the mechanisms behind cellular machines such as the eukaryotic 

spliceosome, in which several RNA structures and RNA-protein interactions form and are 

subsequently disrupted at specific points along the splicing pathway (1, 2). As discussed in 

Chapter 1, the hairpin ribozyme provides a model system for understanding RNA tertiary 

structure interactions correlated to function. The hairpin ribozyme’s active site constitutes two 

independently folding domains (loop A and loop B) (3). Loop A has a symmetrical internal loop 

interspersed between two helical stems. Docking between loop A and B pre-organizes the active 

site to effect catalysis (phosphodiester bond cleavage). In nature, these two domains interact as a 

four-way helical junction (4WJ) (4) but two way junction (2WJ) and trans-constructs are also 

actively under investigation (Figure 3-1). Previous in vitro reconstitution studies have shown 

that a two-way helical junction (2WJ) can form a functional minimal hairpin ribozyme (3) while 

independent trans-docking domains also support full activity (5, 6).  The cleavage occurs 

between G+1 and A-1 in loop A (7). Chemical cleavage by various self-cleaving RNA structural 

motifs is essential to the replication of several plant viroids (8), the human hepatitis  virus (9), 

the mitochondrial Varkud satellite from Neurospora (10) and glmS riboswitch found in gram-

positive bacteria (11). In the specific case of the hairpin ribozyme, the cleavage reaction is 

reversible, and the ligation reaction is ~ 10 times faster than that of cleavage (12, 13). These 

small ribozymes are tractable systems to use in the study of the critical principles of RNA 

catalysis using molecular structure and functional approaches (14, 15). Mutational studies have 



88 

 

identified residues that are critical for driving catalysis in the hairpin ribozyme, especially in the 

active site (16-19). Burke’s group investigated binding and cleavage with single base 

substitutions at positions A-1 and U+2 (19).  U+2 was suggested to be involved in tertiary 

interactions, possibly to pre-organize the active site. The direct role of U+2 in catalysis, however, 

was not determined. Structural studies of loop A established a conformational C2'/C3'-endo 

mixed sugar pucker in  U+2 with a flipped out (extra-helical) base (20). Using time-resolved 

fluorescence resonance energy transfer (FRET) experiments to probe how U+2 mutations affect 

docking, cleavage rates were shown to significantly decrease despite the fact that U+2 nucleotide 

substitutions did not considerably affect docking (21, 22), A  uracil to cytosine mutation at 

position  +2 (U+2C) could introduce a new Watson-Crick base pair with G8 and limit dynamics 

at in this position. Such mutations may quench certain critical dynamics required to facilitate 

faster docking and catalysis. This hypothesis has been motivated by sequence comparisons with 

several residue mutations. An interesting double mutant (revertant) U+2C/C+3U introduced in 

loop A (Figure 3-2) completely abolishes docking under non-equilibrium, gel shift assay (22). 

U+2C/C+3U sequence stayed inactive with the native G8 in loop A, but this sequence was 

partially rescued by a G8U mutation. Unlike the U+2C mutant, the double mutant abrogates 

docking, implying a role for U+2 in docking. The X-ray crystal structures of the docked 

ribozyme confirmed the contribution of U+2 in the active site formation, since it is involved in a 

non-canonical base-pair interaction with G8 (23-25). The loop A NMR solution structure solved 

by Cai and Tinoco (20), however, contained a non-native A-1 to C mutation previously designed 

to cleave HIV-1 RNA (26). This structure therefore may not represent the conformation of the 

pre-catalytic form of loop A. 



 

F
F
co

Figure 3-1: C
our-way jun
onstructs 

Cartoon rep
nction, B) tw

presentation
wo-way junct

89 

n of hairpin 
tion construc

ribozyme a
ct, and (c) is

active site re
olated (trans

egion. (A) 
s-) 

 



90 

 

  To address this gap, we designed a trans-construct of native loop A sequence for our 

biophysical studies (Figure 3-2). Studies of the trans-docking domains of hairpin ribozyme is 

important because of its potential to provide new insights into the docking transition using direct 

measurements which assay for bimolecular equilibrium and binding kinetics using various 

spectroscopic techniques (27). Here, we employed spectroscopic circular dichroism (CD) 

equilibrium docking assay to monitor interaction between loop A or double mutant U+2C/C+3U 

loop A and loop B. This assay was developed by Dr. Minako Sumita, then a post-doctoral 

associate in our lab. All our trans-constructs, including loop A, loop A(U+2C/C+3U) and loop B, 

were designed to incorporate a GNRA tetraloop to facilitate stem I stability and NMR 

assignments. Taken together, these results implicate U+2 in aligning G8 in the active site of 

hairpin ribozyme to facilitate efficient catalysis. In the U+2C/C+3U double mutant sequence, 

abrogated internal loop dynamics (by loop constriction) may limit certain key tertiary 

interactions between loop A and loop B in assembling the active site. Our CD assay tested the 

docking transitions between native or double mutant loop A with loop B. NMR was used to asess 

the RNA folding and conformation. For the process of NMR assignments of loop A, we 

evaluated several loop A constructs to determine a well-behaved loop A construct. We used in 

vitro transcription to incorporate the isotopically labeled 15N and 13C (using 15N and 13C 

nucleotide triphosphates) for NMR resonance assignments. We also used NMR to study loop A 

by first assigning the critical 1H, 13C and 15N resonances, an important step in probing loop A 

dynamics using the NMR relaxation measurements described in Chapter 4 of this thesis. Also, 

we performed several NMR experiments (1D, 2D and 3D) to obtain resonance assignment data 

for loop A. The resonance assignment data obtained thus far are presented here in detail.  
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3.2 MATERIALS AND METHODS 

3.2.1 RNA preparation 

 RNA was synthesized by incorporating nucleotides of the desired RNA constructs (see 

Figure 3-2) via in vitro transcription (28, 29) using recombinant phage T7 RNA polymerase 

enzyme in the presence of a synthetic DNA template. The synthetic template was annealed to a 

short complementary T7 promoter sequence. The transcription was initiated by recombinant T7 

RNA polymerase following addition of DNA template, unlabeled or uniformly 15N/13C-labeled 

nucleotide triphosphates (ATP, UTP, CTP, and GTP) and Mg2+. Transcription was continued for 

3 hours at 37 °C then stopped by the addition of EDTA. To analyze the success of in vitro 

transcription, samples from the reaction cocktail were analyzed by 15% denaturing gel 

electrophoresis after staining using Stains All solution. 

Transcribed RNA was recovered by ethanol precipitation from the transcription cocktail. 

The ethanol precipitate was then reconstituted in H2O, and subjected to purification through the 

HiLoad 26/60 Superdex75 column (30) monitored at A260 with an isocratic flow rate of 3 mL/min 

sodium phosphate buffer, pH 6.40, while collecting fractions. Fractions corresponding to loop A, 

were pooled together and systematically exchanged with H2O using Amicon Ultra-4 centrifugal 

filter units with 3000 MWCO. RNA purity was assessed by denaturing gel and MALDI-TOF 

mass spectrometry. Purified RNA was then dried under vacuum and reconstituted in appropriate 

buffers for Circular Dichroism (CD) and NMR studies.  
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3.2.2 Docking transitions between mutant loop A and wildtype loop B 

Docking studies of the double mutant were performed using the difference CD experiment 

previously developed in our lab (27). For docking studies, ten 5 µM samples of loop 

A(U+2C/C+3U) and loop B were prepared from each stock of loop A(U+2C/C+3U) and loop B 

docking in increasing [Co(NH3)6]
3+ concentration. The samples were dialyzed with different 

concentrations of [Co(NH3)6]
3+ and then left to equilibrate on the bench for at least 1 hour before 

taking the CD scans. The [Co(NH3)6]
3+concentrations used were 0 µM, 15 µM, 30 µM, 60 µM, 

90 µM, 120 µM, 150 µM, 200 µM, 250 µM and 500 µM.  Three sets of CD scans were acquired 

between 220-400 nm for the individual RNA constructs as well as loop A(C+3U/U+3C) and 

loop B at increasing concentrations of [Co(NH3)6]
3+ as outlined above. The scans were averaged 

and normalized with buffer conditions. Docking was monitored by circular dichroism (CD) 

where the CD spectra of individual loop A(U+2C/C+3U) and loop B were acquired separately 

and mathematically added against the CD spectrum of both loop A(U+2C/C+3U) and loop B 

together in the same tube. The signal corresponding to docking was then calculated by the 

formula shown below: 

  CD docking = (CD U+2C/C+3U loop A + loop B) - (CD U+2C/C+3U loop A + CD loop B) 3-1 

The above docking experiment was repeated (by Dr. Mina Sumita) using native loop A instead 

of the double mutant loop A(C+3U/U+3C). All the docking experiments were done in triplicate 

and the data obtained exported and analyzed in MS excel.  RNA was quantified by extinction 

coefficients at 260 nm according to Beer-Lambert’s law (A= ε x b x c). The molar extinction 

coefficients (ε) were 214,000 M−1 cm−1 for wild-type loop A, 267,400 M−1 cm−1 for loop 

A(U+2C/C+3U) and 354,000 M−1 cm−1 for loop B (27). 
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3.2.3 NMR studies 

To analyze samples by NMR, purified loop A samples were resuspended in 10 mM 

phosphate buffer, , 100 μM EDTA pH 5.5 or pH 6.5 and loaded in a reduced-volume NMR tube 

(Shigemi) for NMR data acquisition and optimization of pH. For exchangeable proton NMR, 

loop A was constituted in a total volume of 250 μL in 90% H20 and 10% D2O respectively. 

Sample concentrations were between 0.8-1.2 mM. Exchangeable 1D proton spectra were 

acquired with a 1-1 echo sequence (31) at various temperatures ranging from 5, 10, 15, 20 and 25 

°C for GUAA loop A, GUAA loop A(U+2C/C+3C), GAAA loop A, and GAAA loop A 

extended constructs. NMR experiments were done on Varian Unity INOVA 600 MHz or Bruker 

900 MHz. During acquisition, the proton radiofrequency (RF) carrier was placed on the HDO 

residual peak. All NMR experiments were acquired using RNA biopack pulse sequences 

(Varian/Agilent), unless otherwise stated, with slight modifications after optimization. One-

dimensional imino-optimized spectroscopy was acquired using 1-1 echo pulse sequence (31) 

with 13106 complex points in the t1 dimension, a 3 s recycle delay, and 96 steady-state scans. 

The first excitation maximum was targeted between imino and aromatic region for the second 

excitation maximum to fall at the center of the imino region. The sweep width was set at 12,000 

Hz. 1H-1H homonuclear NOE of exchangeable protons was acquired in Bruker 900 MHz with 

cryo probe using 1024 x 256 complex points in t2 and t1 dimensions, 1.5 s recycle delay, 300 ms 

mixing time with 22,500 Hz spectral width on both dimensions. 1H-15N heteronuclear single 

quantum coherence (HSQC) spectra was acquired using 1024 × 256 complex points in the t2 and 

t1 dimensions, a 1.5 s recycle delay and 128 steady-state scans with corresponding spectral 

widths of 12000 and 6078.76 Hz. The 15N carrier frequency was set at 118 ppm as determined 

from indirect referencing to internal reference standard 1 mM  sodium 2,2 dimethyl-2-
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silapentane-5-sulfonate (DSS) (32). The non-exchangeable protons were acquired in 100% D2O 

at 25 °C. Similarly, the proton RF carrier was positioned at the HDO residual peak while the 13C 

carrier at 110 ppm based on indirect referencing to internal reference standard DSS. Both ribose 

and aromatic 1H-13C HSQC and constant time (CT)-HSQC spectra were acquired with 2048 × 

256 complex points in the t2 and t1 dimensions, respectively, with corresponding spectral widths 

of 12000 and 6033 Hz, and a 2 s recycle delay. 13C carrier frequency was set at 85 ppm for ribose 

1H-13C HSQC and 110 ppm for aromatic 1H,13C-HSQC, as determined from indirect referencing 

to internal reference standard DSS. In the CT-HSQC experiment, the constant time delay was set 

at 0.028 s while the number of points in the 13C dimension was set at 52. 1H-1H homonuclear 

13C-edited nuclear Overhauser spectroscopy (NOESY-HSQC) sub-spectra were acquired at 900 

MHz NMR with 1024 × 256 complex points in the t2 and t1 dimensions, respectively, with 

corresponding spectral widths of 8992, 12589, and 7914 Hz, a 2 s recycle delay, 256 steady-state 

scans and mixing time of 100 ms. A 3D 13C NOESY-HSQC experiment was done at 900 MHz 

NMR in 100% D2O. The 1H carrier was set to 4.7 ppm, while the 13C carrier was set at 145 ppm. 

The sweep widths were 12590 (ω1), 7914 (ω2), and 8992.8 Hz (ω3). Real data points acquired for 

the three dimensions were 144 in ω1, 64 in ω2, and 2048 in ω3.The NOESY mixing time was 150 

ms. 3D HCCH COSY was acquired at 600 MHz with 1024 × 256 complex points in the t2 and t1 

dimensions, respectively, with corresponding spectral widths of 6000 x 6000 x 9000 Hz, a 2 s 

recycle delay, and 256 steady-state scans. 3D HCCH TOCSY were acquired with 512 × 256 

complex points with spectral widths of 2999.18, 2999.18 and 8295.31 Hz, a 1 s recycle delay, 

and 64 steady-state scans. 3D Adenine HCCH-TOCSY was acquired through sweep widths of 

5997.9 ×1679.5 × 4524.8. The t3 dimension had 256 complex points with 30 and 32 data points 

in t2 and t1 dimensions respectively. All NMR data were processed using FELIX 2002 
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(Accelrys). Before Fourier transformation in the t2 dimension, data was zero filled, a 20% DC 

offset was applied, and a 5 Hz exponential line broadening function was used. A cosine-squared 

apodization function was also applied in the indirect dimensions before spectral transformation 

3.3 RESULTS 

3.3.1 Docking studies 

Docking is a required step that precedes the chemical steps of catalysis in the hairpin 

ribozyme reaction mechanism. In these docking studies, we hypothesized that certain stabilizing 

modifications in loop A limit docking by stabilizing ground-state interactions or alternate 

structures and consequently eliminating functionally important interactions which drive docking 

and catalysis. To test our hypothesis, we started by analyzing the possible docking transitions in 

mutant U+2C/C+3U loop A together with loop B and then comparing these results with the 

docking studies reported for wild type loop A and loop B (27). Docking studies were monitored 

by circular dichroism (CD) over a wavelength range of 220-400 nm. Our data demonstrates the 

abolition of docking in the double mutant loop A(U+2C/C+3U) at 250µM [Co(NH3)6]
3+. Similar 

non-docking observations were made in the absence of [Co(NH3)6]
3+ (data not shown). This 

suggests that loop A (U+2C/C+3U) does not undergo structural transitions necessary for docking 

in the presence of loop B. This observation is also consistent with what Burke’s group has 

reported using their gel shift assay, albeit under slightly different metal ion conditions (22). The 

wild type loop A actively docked with loop B under similar conditions with docking transitions 

observed both at 230 nm and 270 nm respectively (27) (Figure 3-3). Analysis of docking as a 

function of the increasing concentration of [Co(NH3)6]
3+ between loop A (U+2C/C+3U) and loop 

B has been presented (Figure 3-4). This data shows the lack of a specific interaction between 

loop A(U+2C/C+3U) and loop B between 0 - 250 µM [Co(NH3)6]
3+ .  
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Since the error bars are large within this range, we interpret this as random interaction between 2 

RNA molecules. Conversely, metal-dependent docking transition between wild type loop A and 

loop B was demonstrated (27) in cobalt hexamine with an observed (Co)½
dock

 of  ~ 50 µM. These 

results not only indicate that our trans-domain constructs were active, but also demonstrate the 

manifestation of structural changes in real time indicated as docking, while the lack of docking in 

loop A(U+2C/C+3U) is likely due to the over-stabilization of loop A’s active site by an 

additional two Watson-Crick base pairs. This extra stabilization abolishes detectable docking 

transitions at accessible concentrations of [Co(NH3)6]
3+ that support docking in the wild-type 

system. However, we cannot rule out structural transitions in much higher metal ion 

concentrations. Detailed analysis of this possibility was not possible due to the tendency of RNA 

to aggregate in the presence of elevated [Co(NH3)6]
3+. 

3.3.2 Construct optimization for NMR spectroscopy 

A critical challenge to the success of RNA structure determination is the behavior of the 

RNA construct to be studied. Various constructs of loop A (both unlabeled and 15N/13C 

isotopically labeled) were generated by in vitro transcription using T7 RNA polymerase and the 

synthesized RNA purified at high concentrations for NMR studies. The purity of the RNAs was 

assessed by gel electrophoresis and mass spectrometry (MALDI-TOF) respectively. The 

constructs were subjected to NMR experiments under various annealing conditions, buffer 

conditions and temperatures to optimize the secondary structure folding of loop A RNA. We 

determined pH and buffer conditions within which loop A easily folded into a hairpin structure 

and these conditions were replicated in all our NMR experiments.  
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Using a combination of 1D NMR, 2D 1H,15N heteronuclear single quantum coherence 

(HSQC) and 2D nuclear Overhauser effect spectroscopy (NOESY), the behavior of each 

construct was assessed based on its imino-region resonance (Figure 3-5). The imino protons of G 

and U nucleotides in RNA resonate between 10-14 ppm especially when protected from 

exchange (Figure 3-6). Figure 3-5 depicts the results of a 1D imino spectrum for all loop A 

constructs tested. Overall, the number of peaks observed correspond to the base-pairs expected 

except in most constructs except for the GUAA tetraloop construct which showed extra uridine 

imino peaks as well as lack of a prominent tetraloop G-A shear base-pair peak at ~ 10 ppm 

(Figure 3-5B). The extra uridine imino peak in GUAA tetraloop and the lack of G-A base-pair 

imino peak at ~10 ppm are indicative of the formation of a duplex structure in which the 

presumed tetraloop uridine and adenine are base-paired, , explaining the additional uridine imino 

peak. Various annealing protocols that favor hairpin formation were not successful in folding 

GUAA loop A into a hairpin (Figure 3-7) as shown by the lack of the tetraloop G imino peak at 

~10.5 ppm. The GUAA loop A(U+2C/C+3U) construct (Figure 3-5A), however, clearly 

recorded the tetraloop G-A sheared imino peak at ~10.4 ppm, suggesting that the stabilization of 

base-pairing in loop A favors formation of the hairpin as opposed to the duplex observed in the 

previous GUAA loop A. To address the duplex-formation issue, we built a comparable construct 

with a GAAA tetraloop variant (Figure 3-5C), which we hypothesized to be less vulnerable to 

duplex formation. In this construct, we observed two peaks at ~10 ppm (10.6 and 10.8 ppm), one 

of which was assigned to the G-A sheared base-pair in the GAAA tetraloop region. The 

observation of the G-A sheared base-pair peak indicated tetraloop formation and the desired 

hairpin structure. Finally, since the initial GAAA construct showed some evidence of helical 

fraying at moderate temperatures (data not shown), we designed another construct with the 
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3.3.3 NMR assignments 

To enable further spectroscopic analysis of the system, we pursued 1H, 15N, and 13C 

NMR assignments in the extended-GAAA construct of the hairpin ribozyme loop A. NMR data 

were primarily acquired in phosphate buffer without added NaCl to limit duplex formation. Our 

results show that, as expected, hairpin structures were preferred under low salt conditions as 

indicated by the observation of imino peak at ~10.5 ppm (Figure 3-8). Starting from the imino 

resonance in the G-A base-pair of the GAAA tetraloop (with a characteristic chemical shift of 

∼10.5 ppm), the imino-imino region of a two-dimensional NOESY spectrum displays the 

sequential connectivity for the Watson–Crick base-pairs in stem I (Figure 3-9) of loop A. 

Regions of A-form helical RNA were assigned via a sequential walk along the backbone, since 

neighboring imino protons are ~4 Å apart and give rise to a moderate NOE cross-peak at longer 

mixing times. The G-U wobble base-pair was easily identified as a strong cross-peak between 

the resonances of G-H1 and U-H3 imino protons at chemical shifts of 10 to 12 ppm. A 2D 

NOESY experiment correlating exchangeable protons was acquired at 900 MHz for GAAA loop 

A and the GAAA extended loop A. For the non-extended GAAA loop A construct, imino-imino 

cross-peaks were mostly visible in stem I but not stem II. In the GAAA extended loop A 

construct, designed to stabilize stem II, there were cross-peaks in both helices, with very intense 

G-U cross-peaks observed at 11.17 and 11.5 ppm, resulting in the assignment of G-5 and U14 

respectively. Imino NOE cross-peak pattern from the NOESY spectrum showed a base-pairing 

scheme consistent with the expected secondary structure of (Figure 3-9). The GAAA extended 

loop A was the best-behaved of all the constructs we tested and was thus selected as the primary 

sequence for all our NMR experiments to facilitate complete resonance assignment for loop A 

reported herein. 
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3.3.4 Assignment of exchangeable proton resonances 

Our assignment process was initiated by 1D imino spectrum. The peak at 10.63 ppm was 

easily assigned to the tetraloop G (G+7) because G imino of a G-A sheared base pair resonates at 

around 10.5-10.8 ppm. The G-U wobble mismatch was also easily assigned based on intense 

NOE cross-peaks (Figure 3-9). The small number of uridines and their downfield 1H (13.5-14.5 

ppm) 15N resonance frequencies (153-159 ppm) facilitated an easier assignment of imino 

uridines in loop A. Consequently, U-4, U+5 and U14 were assigned as shown in Table 3-1. G-5 

was assigned from its intense NOE connectivity to U14, which led to the assignment of all the 

remaining guanine imino peaks. Both aminos and imino protons were detected by 2D 

exchangeable NOESY (Figure 3-9, Figure 3-10), and 2D 1H,15N HSQC (Figure 3-11). The 

proton resonance peak frequencies between 1D 1H and 2D 1H,15N-HSQC imino peaks were very 

similar in the proton dimension validating the frequencies obtained for each peak. The 

corresponding 15N resonances were also determined and tabulated alongside their proton 

resonances (Table 3-1). 
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Table 3-1: Resonance assignments for loop A (GAAA LpAext) using NMR experiments 

 

1H ppm 15N 
ppm 

Assignment 

10.63 - G+7 

10.92 159.04 U+2 

11.17 148.08 G-5 

11.51 159.20 U14 

12.05 145.78 G4 

12.40 145.06 G-3 

12.58 144.73 G6 

12.96 144.8 G15 

13.04 144.63 G-7 

13.29 143.48 G11 

13.72 154.72 U-4 

13.97 154.65 U+5 
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3.3.5 Non exchangeable protons 

The base and sugar non-exchangeable protons were detected using ribose-optimized 2D 

1H,13C-HSQC, aromatic-optimized 2D 1H,13C-HSQC, 3D HCCH-COSY, 3D HCCH-TOCSY 

and 3D 13C-edited NOESY-HSQC spectra. 1H-13C resonances were observed from 1H,13C-HSQC 

experiments acquired at 600 MHz (Figure 3-12, Figure 3-13) for  loop A. For the ribose 

resonances, heavy overlap was observed for H1′/C1′, H2′/C2′, H3′/C3′, H4′/C4′, and H5′/C5 

cross-peaks (Figure 3-12), as is typical of RNA molecules within this size. Extensive overlap 

observed in the ribose resonances can be an impediment for accurate chemical shift assignments 

in RNA. However, further use of three-dimensional RNA correlation experiments can reduce 

overlap and resonance ambiguity by the detection of cross-peaks from multiple resonances 

within a spin system. For example, a 3D HCCH-COSY experiment was used to correlate 

covalently bound 1H-1H-13C spins usually present within the ribose ring. The HCCH-COSY 

pulse sequence transfers magnetization to adjacent protons through one-bond 13C-13C coupling 

within the H-C-C-H spin system. The 1H-1H HCCH-COSY sub-spectrum correlating H1′ and 

H2′ proton chemical shifts in loop A has been presented (Figure 3-14). Twenty two well-

resolved H1′-H2′ cross-peaks (in both upper and lower quadrants) were observed and their 

chemical shift resonances have also been tabulated (Table 3-4). To provide comprehensive 

chemical shift assignments for ribose protons, a 3D HCCH-TOCSY data was also acquired (data 

not shown). HCCH-TOSCY experiments are similar to HCCH-COSY experiments except that 

the HCCH-TOCSY pulse sequence uses a mixing period where magnetization is transferable 

through several 13C-13C bonds that connect all 1H-13C pairs within the ribose. This provides 

additional H3′, H4′, and H5′ correlations to H1′ which facilitates assignment of the entire ribose. 

The aromatic optimized 1H,13C-HSQC data (Figure 3-13) provided a fingerprint spectrum for 
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loop A, especially with the peaks within the 140-150 ppm range in the 13C dimension. This 

region contained approximately 34 observable peaks, some of which were the paired upfield and 

downfield components of 13C-13C doublets for pyrimidine residues. These peaks were interpreted 

as C6/C8 peaks reflecting the number of nucleotides in our sequence (30 nucleotides). The 

interpretation of this spectrum was confirmed by a 1H,13C CT-HSQC spectrum of loop A 

(Figure 3-14), which eliminated the C5-C6 dipolar splitting in pyrimidines and effectively 

reduced the number of peaks observed to twenty-five. In RNA of this size, some resonances will 

not give observable peaks due to overlap, end fraying, or other effects, whereas end 

heterogeneity will sometimes give rise to spurious resonances; thus, this spectrum is roughly 

consistent with expectations for a 30mer RNA. It should be noted that the sensitivity of 1H,13C 

CT-HSQC is reduced during constant time acquisition, and this spectrum thus had low signal to 

noise and digital resolution. The peaks between 155 – 160 ppm were assigned as adenine C2 

peaks indicative of the number of adenines in the construct (Table 3-3). However, we observed 

seven peaks in the adenine C2 spectral range, instead of the expected nine peaks, due to 

resonance overlap in some residues. Using the 3D HCCH-COSY data (that provided us with H1'-

H2' intra-residue resonances, Figure 3-15) and the aromatic 1H,13C-HSQC (which provided the 

H6/H8 resonances), we also obtained a 13C-edited NOESY-HSQC spectrum (Figure 3-16) to 

make the intra and inter-residue NOE sequential walk to correlate and assign base H6/H8 protons 

to the ribose H1' and H2' protons respectively (Figure 3-17). The detailed 13C peak assignments 

using the three-dimensional NOESY spectrum is still in progress. As at the time of writing this 

chapter, we had made good progress in loop A assignments to the extent of correlating the 13C-

NOESY-HSQC connectivity with 3D-HCCH COSY and 13C-HSQC data to finish the aromatic 

residue assignments especially of the 1H,13C-HSQC resonances. We used 1H,13C-CT-HSQC 
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(Figure 3-14), to distinguish between the resonances of purines (positively phase) and 

pyrimidines (negatively phased) as we continue with the NOE sequential walk (Table 3-5). 

Pyrimidines were mostly clustered in one region of the spectrum while the purines were well 

dispersed within the 1H,13C-CT-HSQC spectrum. Several pyrimidine doublet peaks were 

collapsed into single peaks during 1H,13C-CT-HSQC experiment thus facilitating their easy 

assignment. To isolate guanine from adenine among the purines, we used a 3D-Adenine HCCH-

TOCSY to record adenine resonances within the aromatic 1H,13C-HSQC region, also presented 

in Table 3-5. Other additional assignments for the GAAA tetraloop and loop residues were 

accomplished by resonance comparison with A730 loop of the Neurospora Varkud satellite (VS) 

ribozyme (33) and the partial assignments reported for the mutant form of hairpin ribozyme loop 

A (20). Tables 3-2 through 3-5 summarize the current state of assignments for the extended-

GAAA loop A construct. Given the good behavior of the construct and the quality of data 

obtained so far, we look forward to completing assignments for aromatic and ribose resonances 

for further dynamics studies. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
l
b

 

Figure 3-12
loop A. Dat
buffer condi

2: 2D 1H,13C
ta was acqui
itions; 10 mM

C-HSQC co
ired in 100%
M phosphate

114 

ontour spect
% D2O at 60
e, 100 µM E

trum of the
0 MHz NM

EDTA, pH 5.

e ribose reg
MR in the fol

.5. 

 

gion in 
llowing 



 

 

Figure 3-13
Data was a
conditions; 

 

3: 2D 1H,13

cquired in 1
10 mM phos

3C-HSQC s
100% D2O a
sphate, 100 

115 

pectrum of
at 600 MHz
µM EDTA, 

f aromatic 
z NMR in th

pH 5.5. 

 

region in l
he following

loop A. 
g buffer 



 

 

Figure 3
acquired 
peaks, w

 

3-14: 2D 1H,
at 600 MH

while the blac

,13C CT-HS
z NMR. The

ck peaks repr

116 

SQC spectru
e red peaks 
resent the po

um of arom
are negative

ositively-pha

 

matic region 
ely phased p
ased purine r

in loop A 
pyrimidine 
residues 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3
the ribos
NMR in 
5.5. 

3-15: Repres
se region in
buffer condi

sentative 2D
n loop A. D
itions as foll

117 

 

D planes of 
ata was acq
lows; 10 mM

f 3D HCCH
quired in 100
M phosphate

H-COSY spe
0% D2O at 
e, 100 µM E

ectrum of 
600 MHz 

EDTA, pH 

 



118 

 

Table 3-2: Non exchangeable assignments of H6/H8 aromatic protons in loop A  

H8/H6 (ppm) C6/C8 (ppm) Assignment 

7.06 136.01 G11 
7.42 136.57 G+7 
7.48 139.78 Peak 14 
7.48 140.28 Peak 24 
7.50 140.77 Peak 23 
7.53 141.07 Peak 22 
7.53 141.62 Peak 33 
7.56 135.89 Peak 4 
7.58 137.05 Peak 5 
7.61 136.43 Peak 3 
7.62 139.11 Peak 13 
7.63 135.95 Peak 3 
7.65 140.95 Peak 21 
7.65 140.22 Peak 19 
7.66 138.26 G8 
7.73 141.68 Peak 27 
7.74 142.23 Peak 29 
7.76 137.26 Peak 6 
7.79 140.92 Peak 17 
7.81 140.92 Peak 18 
7.81 141.54 Peak 27 
7.82 142.15 Peak 28 
7.87 143.47 Peak 32 
7.89 139.13 A2 
7.91 140.45 A10 
7.92 142.62 Peak 30 
7.98 142.77 Peak 31 
7.99 137.52 G4 
8.03 139.22 Peak 9 
8.13 139.75 A3 
8.18 141.57 A9 
8.19 139.02 Peak 8 
8.20 140.48 Peak 16 
8.38 142.24 Peak 26 
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Table 3-3: Non exchangeable assignments of adenine H2 aromatic protons in loop A 

H2 (ppm) C2 (ppm) Assignment 

7.35 153.08 Peak 41 
7.42 153.01 Peak 38 
7.86 153.12 Peak 37 
7.89 153.44 Peak 36 
7.85 154.31 Peak 37 
7.96 154.51 Peak 34 
8.07 153.55 A1 
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Table 3-4: Assignments of H1'/H2' and C1'/C2' in loop A 

H1' (ppm) H2' (ppm) C1' (ppm) C2' (ppm) 
5.35 4.22 93.20 76.10 
5.49 4.41 94.00 75.60 
5.49 4.53 94.00 75.60 
5.49 4.59 94.00 75.70 
5.60 4.42 92.80 76.10 
5.61 4.36 94.00 76.00 
5.71 4.69 94.40 75.60 
5.78 4.44 93.00 75.70 
5.78 4.84 91.00 75.20 
5.79 4.55 93.20 75.70 
5.81 4.57 93.20 75.70 
5.82 4.01 93.20 77.80 
5.82 4.69 94.00 75.60 
5.82 4.75 93.80 76.10 
5.85 4.13 92.40 77.40 
5.89 4.63 92.20 76.50 
5.89 4.87 93.00 75.20 
5.92 4.21 92.40 77.30 
5.95 4.62 93.20 76.10 
5.96 4.69 93.60 76.00 
6.05 4.11 92.00 78.20 
6.06 4.67 92.60 77.10 
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Table 3-5: Aromatic resonance assignments of H1'/H2' and C1'/C2' in loop A 

H8/H6 (ppm) C6/C8 (ppm) Assignment 

7.06 136.01 G11 
7.42 136.57 G+7 
7.48 139.78 purine 
7.48 140.28 pyrimidine 
7.50 140.77 pyrimidine 
7.53 141.07 pyrimidine 
7.53 141.62 purine 
7.56 135.89 purine 
7.58 137.05 purine 
7.61 136.43 purine 
7.62 139.11 purine 
7.63 135.95 purine 
7.65 140.95 pyrimidine 
7.65 140.22 pyrimidine 
7.66 138.26 G8 
7.73 141.68 purine 
7.74 142.23 pyrimidine 
7.76 137.26 purine 
7.79 140.92 purine 
7.81 140.92 purine 
7.81 141.54 purine 
7.82 142.15 purine 
7.87 143.47 pyrimidine 
7.89 139.13 A2 
7.91 140.45 A10 
7.92 142.62 pyrimidine 
7.98 142.77 purine 
7.99 137.52 G4 
8.03 139.22 purine 
8.13 139.75 A3 
8.18 141.57 A9 
8.19 139.02 purine 
8.20 140.48 purine 
8.38 142.24 purine 
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3.4 DISCUSSION 

Our docking studies of loop A and loop A(U+2C/C+3U) demonstrated that trans-

constructs with wild type sequence remained active under docking condition, and that this 

activity was metal-driven. However, the double mutant loop A(U+2C/C+3U) lacked activity, as 

expected, not because of the removal of the important functional groups or disruption of the 

structure but because of the stabilization of the ground-state conformer that hinder transitions to 

the docked state. The lack of docking transitions imparted by additional base-pairing featuring 

U+3:A7 and C+2:G8 base-pairs, emphasizes the importance of conformational fluctuations in 

the formation of the docked state. In the mutant sequence, the catalytically necessary G8 was 

stabilized by formation of G8-C+2 base pair. This base-pair locks loop A into its ground-state 

conformation leading to a stabilized form of undocked loop A. The conformational stabilization 

of loop A(U+2C/C+3U) is supported by NMR spectra (Figure 3-5) which mostly showed similar 

chemical shift resonance patterns for exchangeable protons in both mutant loop A(U+2C/C+3U) 

and wild type loop A implying similar global structure adopted by the two constructs. The use of 

Circular dichroism (CD) in measuring structural rearrangements that characterize docking at 

equilibrium conditions is a robust technique with the ability to monitor such secondary and 

tertiary structural changes. The docking data obtained on U+2C/C+3U loop A suggests docking 

perturbation based on impaired structural transitions visible by CD. Since, the native loop A 

recorded we still acknowledge the challenges that may come with interpreting the data obtained 

from this double mutant sequence, loop A(U+2C/C+3U). It is possible that the two additional 

base-pairs may have virtually rendered the sequence non-functional. Our argument is that a 

single G8U mutation of this inactive sequence partially rescues the activity of this loop to dock 

with its docking partner, loop B (22). 
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The core of the optimization of the best-behaved construct for NMR studies was in the 

design of the two stems I and II while maintaining active wild-type sequence within the internal 

loop active site. The stabilization of both stems was useful in limiting our observation of 

unwanted duplex structures. Better results were achieved when stem I was capped with a GAAA 

instead of GUAA tetraloop. GUAA may destabilize hairpin formation by formation of an intra-

sequence A-U base-pair which is not available for a GAAA tetraloop. Also, the stabilization of 

stem II with additional base-pairs generally stabilized loop A for further NMR studies. 

Incomplete 1H, 13C, and 15N chemical shift assignments have been determined for loop A of the 

hairpin ribozyme. These assignments have been realized using standard through-space and 

through-bond correlated spectroscopy experiments with non-labeled as well as uniformly labeled 

loop A. Ambiguity caused by spectral overlap presents challenges in the assignment process. 

However, the use of two- and three-dimensional experiments facilitated the resolution of several 

overlapped peaks. Our observation of imino and amino proton peaks suggest thermally stable 

folded loop A RNA at least until 25oC, while the observation of a sheared G-A imino base-pair 

confirmed the formation of the hairpin structure. The observation of guanosine and uridine imino 

proton peaks was attributed to canonical Watson-Crick base pairs consistent in number and 

arrangement with our predicted secondary structures (Figure 3-2). Imino proton peaks for G8 

and U+3 were observed in the mutant U+2C/C+3U sequence as predicted. Using 1H,15N-HSQC, 

imino and amino spin pairs were identified, which led to imino assignments (Table 3-1, Figure 

3-11). New imino and amino proton peaks were detected in extended stem 1(U+2C/C+3U loop 

A, Figure 3-1 D) and stem II (Loop A extended, Figure 3-1 C) which facilitated the imino 

assignment process. These new peaks were localized proximal to the internal loop in 

U+2C/C+3U loop. The partial stability of the loop region in the U+2C/C+3U loop A may 
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support our proposal that reduced mutant activity could impart decreased flexibility of internal 

loop residues. To validate this proposition, more mutants with minimum wild type changes, 

especially mutants that perturb docking, need to be screened. The presence of a G-U mismatch 

registered strong imino NOEs which served as our starting point for imino assignments. The 

incorporation of a G-U mismatch in a stem is an important strategy since the G-U NOEs are very 

strong. We are in the process of assigning all the resonances of the wildtype extended loop A 

construct.  

The spectrum of the non-exchangeable protons in loop A was well dispersed in the 

aromatic region but not well resolved in the ribose region due to the degeneracy of the ribose 

protons within their environment. Aromatic C8/C6 and C2 resonances were clearly resolved 

albeit with a few overlaps especially in the pyrimidine region. This was expected especially due 

to the degeneracy of C6 protons in uridines and cytosine. The identification of the ribose protons 

was initiated by a combination of 3D HCCH-TOCSY (34) and HCCH-COSY (35) experiments. 

The HCCH-TOCSY correlates all protons in each ribose spin system, allowing for complete 

assignment of ribose 1H and 13C. We identified twenty one H1'/H2' cross-peaks lying in 

symmetric quadrants which facilitated the assignment of C2' symmetric resonances based on 

correlation with H2' chemical shifts. The C2' and C3' resonate at approximately the same 

frequency, thus required the collection of the well resolved 3D-HCCH-TOCSY. A 3D 13C-edited 

NOESY was used to extend the 2D 1H,1H NOESY into 3D based on the chemical shift of the 13C 

attached to one of the protons. This method greatly improves 1H signal overlap with sufficient 

13C chemical shift dispersion. Using the NOESY walk, significant assignments can be made to 

complete the process. Assignment process can be challenging especially due to resonance 

overlap and the lack of clear starting points to facilitate the necessary connectivity. Thus far, we 
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have made significant progress in loop A resonance assignment. The exchangeable imino 

protons and nitrogen were unambiguously assigned but some work still remains to fully assign 

aromatic 1H and 13C resonances. The finished assignments are important for the detailed NMR 

spin-relaxation experiments of 13C dynamics which has been comprehensively discussed in the 

next chapter (Chapter 4) of this thesis. Where necessary, we have reported the residue dynamics 

results by peak number rather than assigned atom, since complete resonance assignments is not 

necessary for 13C relaxation acquisition but will be useful in comprehensive residue dynamics 

analysis.  
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CHAPTER 4 

INSIGHTS INTO THE INTERNAL DYNAMICS OF LOOP A USING NMR SPIN 
RELAXATION 

 

 

 

 

 

 

 

 

 

 

 

 



133 

 

ABSTRACT 

Conformational dynamics is an important feature in proteins and RNA. However, there is 

little information outlining the relationship between dynamics and RNA function. Structural 

studies of the hairpin ribozyme have reported significant structural rearrangements at the active 

site upon domain-domain interaction, suggesting that dynamics may facilitate transitions from 

the ground to active state. In this work, we have used longitudinal (13C T1) and traverse (13C T1ρ) 

relaxation experiments as well as heteronuclear NOE to interrogate the internal dynamics and 

disorder within loop A. We have also used relaxation dispersion measurements of power-

dependent T1ρ to understand conformational exchange of residues in the µs-ms timescale. 

Internal motions were observed on a wide variety of timescales within the non-helical regions of 

loop A suggesting a complex landscape of accessible states, and integrated correlations amongst 

the observed motions. These results demonstrate the usefulness of NMR spin relaxation 

measurements in probing dynamics of complex molecules exemplified in ribonucleic acids.
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4.1 INTRODUCTION 

Over the years, there has been an increasing appreciation of the critical role of 

conformational dynamics in many facets of molecular function (1, 2). With its ability to act as a 

site-specific probe of the dynamic properties of biomolecules, heteronuclear NMR spin 

relaxation has emerged as a leading technique for experimental studies of molecular dynamics. 

Relationships between spin relaxation data and function may be drawn in several ways. If the 

target structure of a conformational change is known, the extent and manner in which the 

molecule fluctuates toward that state can be assessed. More directly, it may be possible to 

selectively freeze out specific motional variables using mutation or modification and analyze the 

effects on function. Currently, there is an active debate about the relationship between dynamics 

and function. One model suggests a direct coupling between dynamic modes throughout the 

molecule to the chemical catalytic steps using dihydrofolate reductase (DHFR) as an example 

(3). Motions directly linked to catalysis in DHFR were investigated using NMR and the dynamic 

modes were found to be on similar timescales as chemical transformations. Similar correlations 

have also been reported in RNase A (4) and adenylate kinase (5). For RNA molecules, 

conformational dynamics play an equally important role in events such as RNA catalysis and 

ligand recognition (6-9). In catalytic RNA the role of dynamics is even more prominent than 

most protein enzymes. It appears that the conformational fluctuations from a stable ground state 

to an activated conformer are an inherent part of most ribozymes. One notable example includes 

the conformational rearrangements observed between crystal structures of precursor and product 

states in hepatitis delta virus (HDV) with catalytic or inhibitory metal ions binding only to the 

precursor form (10). Therefore, a detailed understanding of the structure-function relationship of 

ribozymes requires the characterization of both the static structure and conformational dynamics 
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of the molecule. Conformational rearrangements have been observed between isolated and 

docked hairpin ribozyme domain (loop A and B) structures (11-13) and the mechanism of these 

rearrangements underpin the focus of this study. These features suggest that conformational 

sampling is not only vital for conformational pre-organization but may also be involved in 

directing chemistry. Recently, intermolecular loop A and B interaction kinetic rates have been 

reported by our group (14). The docking association rate reveals a very slow docking process 

between loop A and loop B (five orders of magnitude below the diffusion limit) despite a tight 

docking affinity. This slow association rate as well as structural variability between the free and 

docked forms, especially for the key residues involved in the interaction, informs our hypothesis 

that isolated loops A and B may independently sample docking-competent states, raising the 

possibility of a double conformational capture docking mechanism.  

The relationship between conformational dynamics and the catalytic cycle of the hairpin 

ribozyme is not well understood. The major loop rearrangements observed upon docking, as well 

as the kinetically unfavorable docking process, both argue for a tight and mechanistic role for 

conformational dynamics in the pre-organization of the catalytically-competent active site of the 

hairpin ribozyme. NMR spectroscopy presents us with a unique ability to investigate dynamic 

properties of molecules over a range of different timescales with atomic resolution (15-23) 

(Figure 4-1). The discovery and success of RNA isotope-labeling techniques (24, 25) permitted   

the   use   of  13C   and 15N   nuclei   as   points of investigating conformational dynamics in RNA 

(26, 27). Conformational transitions with links to catalytic function in ribozymes will potentially 

register within the microseconds to milliseconds time scale. Such rearrangements may be 

thermally-induced leading to exchange between two or more conformational states. 

Heteronuclear spin relaxation measurements are suitable for probing dynamics on a wide range 
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of timescale especially within picoseconds to milliseconds. For fast (ps-ns) timescale dynamics, 

longitudinal (T1), transverse (T2) relaxation, and heteronuclear NOE NMR techniques are mostly 

utilized (2). Also, deuterium NMR has previously been used for the study of fast motions in 

proteins as well as RNA systems (28). For slower dynamic processes (µs to ms), transverse and 

rotating frame relaxation rates (R2 and R1ρ) are ordinarily measured as a function of the effective 

applied power (Figure 4-1). Both of these methods can be used to extract the rate of exchange 

(kex) between two distinct states (where kex is the sum of the rate constants in the equilibrium 

between the two states) since conformational exchange on this timescale contributes to R2 and 

R1ρ. For the simplest case of a two-site exchange model of A reversibly interconverting with B, 

the exchange rate constant, kex, is the sum of the forward and reverse rate constants, k1 and k-1. 

 

kex = k1 + k-1                    (4-1) 
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The nature of the NMR exchange regime depends on the relation between kex and Δω, the 

chemical shift difference between the populated states. For a system exchanging between two 

states, the transverse relaxation rate under spin-locked conditions, R1ρ, is described by equation 

4-2 (29) where T1ρ is the measured relaxation time, T1ρ
∞

 is the relaxation time at infinite spin-

lock power, Pa and Pb are the fractional populations of conformations a and b (assuming two-site 

exchange), Δω is the chemical shift difference between states a and b, ω1= γB1 is the spin-lock 

power expressed in radians per second, and τex is the lifetime for the exchange process calculated 

as 1/kex.  
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Figure 4-1: Timescale of macromolecular internal motions relevant in 
biological processes. Various NMR techniques are useful for probing 
motions from picoseconds to milliseconds. 
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In this work, we have probed the dynamics of loop A domain of the hairpin ribozyme as an 

initial step in understanding the active site dynamics in RNA-RNA tertiary interaction. The 

results complement the calculational work in Chapter 2 and provide insights into the role of 

conformational sampling of loop A in the formation of tertiary structure in the hairpin ribozyme. 

 

4.2 MATERIALS AND METHODS 

4.2.1 RNA preparation 

13C and 15N labeled nucleotides were incorporated in  the hairpin ribozyme loop A 

(Figure 4-2) by in vitro transcription (30, 31) using recombinant phage T7 RNA polymerase (T7 

RNAP) enzyme in the presence of a synthetic DNA template. Transcription was initiated with 

RNAP following addition of DNA template, uniformly 15N/13C-labeled nucleotide triphosphates 

(ATP, UTP, CTP, and GTP) and Mg2+. Transcription was continued for 3 hours at 37 °C, 

stopped by the addition of EDTA, and analyzed by 15% denaturing gel electrophoresis. 

Transcription product was subjected to ethanol precipitation and RNA precipitate was then 

reconstituted in H2O and subjected to purification through a HiLoad 26/60 SuperdexTM 75 

column (32) integrated with AKTA Fast Performance Liquid Chromatography (FPLC) 

monitored at A260 with an isocratic flow rate of 3 mL/min sodium phosphate buffer, pH 6.40. 

Fractions corresponding to loop A were pooled and thoroughly exchanged with H2O using 

Amicon Ultra-4 centrifugal filter units, 3000 MWCO. RNA purity was determined by denaturing 

gel. RNA was then dried under vacuum and reconstituted in 100% D2O and appropriate NMR 

buffer conditions (10 mM phosphate buffer, 100 µM EDTA, pH 5.5) 
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4.2.2 NMR studies 

All NMR data were acquired on a Varian UnityINOVA 600 MHz (13C 150 MHz) 

spectrometer. The 1H,13C HSQC spectrum was acquired with 1024 × 512 complex points in the 

t2 and t1 dimensions, respectively, with corresponding spectral widths of 6000 and 4524 Hz, and 

a 1 s recycle delay. The proton RF carrier was centered on the residual HDO signal, and the 13C 

carrier frequency was set at 145 ppm (including a 35 ppm pulse sequence adjustment) to capture 

the resonances in the aromatic C8/C6 and adenine C2 region. Fast dynamics T1, T1ρ, and 1H-13C 

heteronuclear NOE (hNOE) data were acquired using similar parameters as 1H,13C-HSQC with 

minor variations of published pulse sequences (33). T1 delay times ranged from 50 -1200 ms, 

while the T1ρ delay times were from 10-100 ms. These relaxation data were  acquired over 96 

time-points in the second dimension at a constant 2980 Hz spin-lock field. Saturated and non-

saturated heteronuclear NOE experiments were acquired in interleaved fashion with a proton 

irradiation of 3 sec within a total recycle delay of 5 sec in the “saturated” experiment. In 

relaxation dispersion studies of purine C8, pyrimidine C6 and adenine C2 carbons, R1ρ 

experiments were acquired as a function of the applied spin lock power, ω1. 
13C carrier was 

positioned at 145 ppm with a sweep width of 6000 x 4524 Hz. A total of 106 complex t1 

increments of 64 transients each were collected with a recycle delay of 2 s, in a series of 15 

different spin-lock powers ranging from 1.8 to 6 kHz at a constant relaxation delay of 35 ms. All 

the dispersion data were acquired using on-resonance R1ρ (33). All NMR data were processed 

using FELIX 2002 (Felix NMR, Inc.). Before Fourier transformation (FT) in t2 dimension, the 

FID was offset-corrected at 20%, a 5 Hz exponential line broadening function was applied in t2 

with zero filling. A cosine-squared apodization function was used in t1. 
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4.2.3 Data analysis 

Cross-peak integrated volumes were exported to Igor Pro 5.0.4 (WaveMetrics) after 

peak-picking and volume integration using FELIX 2002. R1 and R1ρ
obs relaxation rates were 

extracted by fitting the integrated volume intensities to a single exponential decay using two 

parameters to limit potential fitting bias (34). The relaxation rates were obtained from the 

individual fits with the errors reported from the exponential fit. The 1H,13C hNOE was 

determined from the ratio of the saturated and non-saturated peak volume intensity.  

For dispersion analysis, the magnitude of the spin-lock field was considered as the effective field 

resulting from the applied B1 field and the offset ῼ according to equation 4-3. 

߱௘௙௙ ൌ 	ඥ ଵ߱
ଶ ൅ Ω2                             (4-3) 

 

In addition, the observed T1ρ decay process has contributions from both transverse and 

longitudinal relaxation, because of tilting the spin-lock axis out of the xy plane. This effect was 

also considered using measured values of R1 (R1=1/T1) (35). The R1ρ
obs rates were calculated 

using the equation R1ρ
obs = (1/T) × -ln (I(T)/Io), where T is the relaxation delay in seconds, I is 

the measured intensity, and Io is the measured intensity with no relaxation delay (reference 

relaxation). The data for Io was acquired three times and averaged. R1ρ rates were calculated 

from R1ρ
obs using the equation: 

R1ρ
obs = R1 cos2 θ + R1ρ sin2 θ                  (4-4) 
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where θ = tan-1 (ω1/Ω) is the angle of the spin-lock axis from vertical, ω1 is the spin lock power 

in Hz and Ω is the offset in Hz. Exchange parameters kex , Φex (Pa Pb(Δω)2), and R1ρ
∞
   were 

extracted by fitting dispersion curves to R1ρ equation 4-2 (21) using Igor Pro 5.  

4.2.4 Model-free analysis  

Internal motion, quantified as a generalized order parameter S2 in the ps-ns timescale 

using the model-free formalism of Lipari & Szabo (36-38), was performed using R1, R1ρ, and 

1H,13C hNOE measurements acquired at 600 MHz. All the model-free analysis calculations were 

performed by Dr. Charles Hoogstraten using the computer program Modelfree 4.1. S2, τe, and Rex 

motional parameters were determined for atoms in the hairpin ribozyme. An estimate of  the  

isotropic  rotational  correlation  time  was obtained from the T1/T1ρ ratio for resonances in the 

helical stem  that  showed  no  evidence  of  exchange  contributions when analyzed including 

dipole-anisotropy relaxation mechanisms (39). Chemical shift anisotropy (CSA) values used 

were 131, 186.5 and 167 ppm for C8, C6 and C2 atoms respectively with a rHC bond length of 

1.1 Å.  

4.3 RESULTS AND DISCUSSION 

4.3.1 13C Relaxation measurements 

Longitudinal and transverse relaxation rates (R1 and R1ρ) were determined for purine C8 

and C2 atoms as well as pyrimidine C6 atoms of hairpin ribozyme loop A to assess the fast 

internal motion (ps-ns) in loop A. In Figure 4-3 we have shown representative 13C R1 and R1ρ
obs 

curves for C8 atoms in the tetraloop (A2) and active site loop region (A9) at 25°C (Figure 4-3). 

Transverse and longitudinal relaxation rates were obtained for all the C8 resonances of purines, 

the C6 resonances of pyrimidines and the C2 resonances of adenines in in the loop A. There were 
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a total of 39 probes used to assess base dynamics. Both the T1 and T1ρ data were fit to single-

exponential decays and the relaxation rates extracted. Results are reported in Figure 4-3 and 

Table 4-1. In general, most of the residues reported typical R1 and R1ρ values of ~2.2 and ~40 s-1 

as well as a heteronuclear NOE ratio of 1.2. This is consistent with the relaxation rates observed 

in helical regions for which most of the residues in loop A are found. This observation suggests 

that most of the residues in loop A are base-paired within the helical environment as reported in 

chapter 3 of this thesis. Hoogstraten et al, have also reported similar relaxation rates in the 

helical region of a comparable RNA system, the leadzyme (20). Pyrimidines mostly showed no 

significant differences observed for relaxation rates in their C6 resonances consistent with 

previous work done in lead-dependent ribozyme (40). This was expected because most of the 

pyrimidines are within the helical secondary structure of loop A except U+2 and C+3 which are 

in the loop region. However, one pyrimidine (assigned to either U+2 or C+3) residue showed an 

overall increase in increase R1 by ~31% which suggests dynamics. This result is consistent with 

our molecular dynamics simulation studies of base and sugar dynamics reported for U+2 and 

C+3 in Chapter 2 of this thesis. The helical C8 and C2 resonances displayed no evidence of 

exchange contributions from the relaxation data based on Model free analysis (Figure 4-4, Table 

4-2). Fast internal motion was observed in various residues as indicated by increase in the R1 

values as well as a decrease in R1ρ values. The R1 for peak 4 C8 was ~19% higher than the 

average value of R1 calculated for helical C8 atoms. Conversely, its R1ρ was dramatically 

reduced by ~53% relative to the average R1ρ of the helical resonances. Peak 8 reported a 33% 

increase in R1 and a similar (32%) decrease in R1ρ. Peaks 26 and 35 reported an increase in R1p 

but constant R1 relative to the average helical values. An increased R1 together with a decreased 

R2 (or R1ρ) generally indicates ps-ns disorder, while an increased R2 (or R1ρ) with a constant R1 
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suggests exchange contribution. Conformational exchange is usually validated by relaxation 

dispersion measurements reporting on the residue. It should be noted that peak 26 represents a 

purine C8 resonance while peak 35 represents an adenine C2 resonance as assigned in the 

previous chapter (Chapter 3) of this thesis. These dynamics may be reporting on similar residue 

from the C8 and C2 resonances within a single stranded loop region. In fact, peak 26 was 

assigned as A1 which resides in the GAAA tetraloop. The tetraloop A1 (peak 26) reported 

internal dynamics (Figure 4-4, Table 4-2), based on the S2 value of 0.87 indicating rapid (ps-ns) 

disorder. This base was proposed to be disordered from structural data (41). A3 (Peak 15), 

similarly residing in the tetraloop, reported a 65% enhancement in the C8 R1 and a 68% 

reduction in R1ρ relative to the helical regions. This is also consistent ps-ns dynamics. However, 

previous studies on the leadzyme showed a larger R1ρ for the C8 resonance of A3 (40) with a 

follow-up study reporting a conformational  exchange lifetime of 80 µs (20).  Peak 12 recorded 

the highest enhancement in R1ρ of > 100% (Figure 4-4) relative to the helical rates. Also, this 

peak showed only modest 32% reduction of R1. This suggests that the C8 resonance of this 

residue undergoes conformational exchange in the µs-ms timescale. Conformational exchange 

parameters determined from Model free analysis (Figure 4-5) confirmed a C8 conformational 

exchange with Rex of ~140 s-1. However this resonance did not show ps-ns dynamics based on a 

higher order parameter of 0.903. This suggests that this conformational exchange may play a role 

in conformational sampling. Our preliminary assignment suggests that this residue may be G8, 

which plays a catalytic role in the hairpin ribozyme. G8 is base-paired to the dynamic U+2 in the 

docked structure of hairpin ribozyme (12), suggesting that this interaction may be partly driven 

by conformational exchange in this residue. Peak 9 C8 relaxation data reported ps-ns dynamics 

based on its calculated order parameter suggesting that this residue may be located in the loop or 
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terminal region. Our preliminary assignments discussed in Chapter 3 of this thesis indicate that 

peak 9 is likely G+1, located in the loop region, or a terminal G. Peak 10 (assigned as tetraloop 

A2), did not show any proof of dynamics, in the ps-ns timescale. This suggests that A2 is fairly 

stable due to stacking interactions within the tetraloop. This is consistent with our previous 

observations made on A2 in the results our MD simulation of loop A (Figure 4-6). Similar 

observations have been made on the adenine, A2, base of a GAAA tetraloop  which localizes 

between residues involved in stacking interactions while being protected from  chemical  

modification  upon  RNA folding with no evidence for dynamics at the C8 site (40, 42).  

4.3.2 Relaxation dispersion 

By observing an increase in the measured transverse relaxation rates as well as Rex 

contributions in the model-free analysis for some residues, relaxation dispersion curves of on-

resonance R1ρ experiments were acquired to examine conformational exchange processes within 

loop A in detail. Motions on the μs-ms timescales can affect the transverse relaxation. While 

model-free analysis can propose the presence of exchange (Rex) contributions, a more accurate 

determination of Rex contributions is in the analysis of relaxation dispersion curves. Relaxation 

dispersion curves are the dependence of the measured transverse relaxation rate on the effective 

B1 field as determined by the applied radiofrequency (RF) field and the resonance offset for R1ρ 

experiments. Over the years, relaxation dispersion curves have proved useful in investigating 

conformational exchange processes extensively in proteins (22, 23, 43-46). However, few 

dynamic exchange studies have been done for RNA (20, 47, 48). Relaxation dispersion curves 

were fit to equations 4-2 to determine kex, R1ρ
∞, and Φex, where Φex = Pa Pb(Δω)2.  
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Table 4-1: 13C R1, R1ρ and heteronuclear NOE measurements.  
R1 and R1ρ valued are for C8 (purines), C6 (pyrimidine) and C2 (adenine) atoms of loop A at 600 
MHz. Peaks 34-39 are adenine C2 peaks. 
 

Assignment R1 R1ρ hNOE 
Peak 1 1.87±0.07 38.35±3.10 1.20 
Peak 2 1.55±0.11 34.64±4.49 1.16 
Peak 3 1.91±0.08 24.53±1.01 1.16 
Peak 4 2.54±0.14 19.50±1.47 1.20 
Peak 5 1.63±0.05 28.65±1.00 1.22 
Peak 6 1.84±0.09 35.48±1.80 1.23 
Peak 7 1.57±0.08 29.55±1.43 1.28 
Peak 8 2.83±0.07 27.76±0.62 1.19 
Peak 9 2.56±0.19 23.99±1.70 1.17 

Peak 10 1.64±0.08 35.12±1.53 1.21 
Peak 11 1.97±0.19 38.38±4.66 N/A 
Peak 12 1.44±0.07 167.44±45.70 1.25 
Peak 13 1.78±0.05 43.06±2.46 1.21 
Peak 14 2.36±0.19 41.65±4.07 1.17 
Peak 15 3.50±0.68 12.74±1.40 N/A 
Peak 16 1.70±0.11 28.88±3.87 1.21 
Peak 17 1.99±0.05 46.34±3.14 1.26 
Peak 18 1.84±0.11 45.12±3.98 N/A 
Peak 19 2.35±0.08 46.67±2.68 1.06 
Peak 20 2.41±0.11 55.14±4.34 1.11 
Peak 21 2.35±0.11 45.08±2.55 1.15 
Peak 22 2.32±0.12 40.36±1.23 1.17 
Peak 23 2.04±0.13 45.90±3.46 1.06 
Peak 24 2.26±0.11 40.05±1.94 1.16 
Peak 25 2.16±0.09 47.19±3.44 1.28 
Peak 26 1.86±0.07 29.11±0.94 1.34 
Peak 27 2.26±0.07 41.55±1.55 1.19 
Peak 28 2.57±0.01 44.57±2.90 1.21 
Peak 29 2.47±0.10 40.78±2.02 1.15 
Peak 30 2.45±0.14 36.32±3.25 1.22 
Peak 31 2.82±0.36 55.52±6.15 1.17 
Peak 32 2.83±0.29 37.06±6.37 1.23 
Peak 33 2.00±0.13 39.39±4.02 1.21 
Peak 34 1.73±0.09 41.10±3.15 1.25 
Peak 35 1.98±0.24 29.68±4.61 1.20 
Peak 36 1.90±0.07 34.91±1.22 1.36 
Peak 37 1.84±0.05 44.24±2.01 1.33 
Peak 38 1.89±0.13 35.90±2.52 N/A 
Peak 39 1.70±0.04 34.58±1.16 1.16 
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Table 4-2: Model-free analysis of loop A relaxation measurements.  
Order parameter (S2), correlation time (τex) and exchange contribution to traverse relaxation (Rex) 
were extracted from T1, T1ρ and hNOE data. 
 

Peak # S2 τex, ps Rex, s
-1 

1 1.000  
2 0.990  
3 0.000  
4 0.000  
5 0.921 60.2 0 
6 0.908 446.3 5.5 
7 0.893 74.0 0 
8 0.000  
9 0.688 708.6 0 
10 0.957 158.1 3.8 
12 0.903 0 137.9 
13 0.929 433.4 12.5 
14 1.000  
16 0.947 317.6  
17 0.859 493.9 17.6 
19 1.000  
20 1.000  
21 1.000  
22 0.934 616.3  
23 1.000  
24 0.926 523.8  
25 0.806 540.3 19.9 
26 0.870 278.4 0 
27 0.000  
28 1.000  
29 0.889 780.4 0 
30 0.854 484.0 0 
31 1.000 0 0 
32 0.779 626.0 0 
33 1.000 0 0 
34 0.901 80.4 0 
35 0.924 0 0 
36 0.854 136.2 0 
37 1.000 0 6.5 
39 0.903 26.3 0 
40 0.905 26.8 0 
41 0.905 26.8 0 

No satisfactory model could be fit for peaks assigned 3, 4, 8, 11, 15 and 18 using the 
combinations of S2, τe, and Rex and an isotropic model for overall rotation of the system.   
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From the R1ρ dispersion experiment we have reported on conformational exchange on several 

C8/C6 resonances in loop A (Figure 4-7, Table 4-3). From this data, we report best-fit values of 

τex, as well as minimum values of Δω, the chemical shift difference between the two exchanging 

populations, calculated by setting Pa = Pb = 0.5. C8/C6 resonances represented by peaks 3, 12 

and 17 reported conformational exchange as shown in the power-dependent dispersion curves 

(Figure 4-7). The remaining resonances, by contrast, showed transverse relaxation rates that 

were independent of the applied B1 power, i.e., an absence of dispersion, as expected from the 

previous results of Model free analysis. This implies that conformational exchange in the µs-ms 

timescale only occurs in specific residues, presumably situated in the non-helical regions of loop 

A. Peak 3 reported an exchange time of 85 µs whereas peaks 13 and 17 both reported an 

exchange time of 667 µs suggesting that there exchange may be correlated. Details for all the 

resonances exchange parameters have been tabulated (Table 4-3).   
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Table 4-3: Chemical exchange parameters from T1ρ dispersion analysis of loop A.  
Δω was calculated from PaPb(Δω)2  using Pa = Pb = 0.5 
 

Peak # Pa Pb(Δω)2 τex (µs) Δωmin (ppm) 
1 2.27 x 106 693.0 3.20 
2 4.85 x 105 14.2 1.48 
3 3.28 x 105 84.5 1.22 
4 6.69 x 104 579.7 0.55 
5 - - - 
6 - - - 
7 1.96 x 105 297.4 0.94 
8 4.02 x 105 618.4 1.35 
9 - - - 
10 - - - 
11 - - - 
12 1.40 x 106 666.7 2.51 
13 1.40 x 106 667.7 2.51 
14 1.66 x 106 676.0 2.74 
15 1.64 x 105 6.8 0.86 
16 1.45 x 106 426.1 2.56 
17 2.62 x 106 667 3.44 
18 9.53 x 105 40.1 2.07 
19 1.76 x 106 833.5 2.82 
20 - - - 
21 -  - 
22 1.11 x 106 544.8 2.24 
23 1.33 x 106 32.6 2.45 
24 1.08 x 106 32.6 2.21 
25 5.13 x 106 8.3 1.52 
26 - - - 
27 8.39 x 105 386.2 1.94 
28 - - - 
29 4.32 x 105 314.9 1.40 
30 - - - 
31 - - - 
32 - - - 
33 1.38 x 106 25.5 2.49 
34 1.21 x 106 67.1 2.34 
35 - - - 
36 1.35 x 106 1506 2.47 
37 1.76 x 106 595.2 2.82 
38 8.46 x 105 284.8 1.95 
39 9.49 x 105 318.6 2.07 
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In an NMR relaxation experiment, conformational exchange in the microsecond to 

millisecond timescale causes increased line-broadening of NMR signals by an amount (Rex) that 

contributes to the measured overall transverse relaxation rate (R2
eff). From Rex three physical 

parameters for a two-site dynamic process can be obtained: rates of interconversion (kex), the 

relative populations of the exchanging species (Pa and Pb) and the chemical shifts between the 

exchanging species (Δω). In this work, we have assessed conformational dynamics of loop A 

using the structural disorder (ps-ns) parameter extracted using longitudinal relaxation, traverse 

relaxation and heteronuclear NOE. The dynamics reported for various some loop residues 

showed a wide variety of timescales ranging from picosecond to millisecond timescale. The 

diverse timescales reported for loop A residues provide us with insights for understanding the 

energy landscape of RNA. 
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CHAPTER 5 

SUMMARY, DISCUSSION AND FUTURE WORK  
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5.1 SUMMARY AND DISCUSSION 

The projects pursued in this thesis were inspired by the overarching idea of investigating 

and correlating dynamics in RNA with possible function. Using molecular dynamics simulation 

and NMR spin relaxation techniques, we interrogated residue dynamics effects in loop A of the 

hairpin ribozyme and reported our results herein. The combination of computational (molecular 

dynamics simulation) and NMR techniques provides a robust dynamics probe for 

macromolecules.  

Molecular dynamics simulations play a significant role in the interpretation of 

experimental data bearing on the time-dependent properties of biomolecules. MD has 

increasingly become common and suitable with the improvement of force fields and computer 

resources. This has improved the size of tractable molecules and the length of time that a 

molecule can be simulated.  Longer simulations can more thoroughly explore conformational 

sampling and thus the conformational space available for the molecule. Molecular dynamics 

simulations could be useful in interpreting NMR experiments, including for fast motions seen 

primarily in NMR relaxation measurements (1, 2).  NMR spectroscopy, on the other hand, 

detects motions across a broad range of molecular motion timescales (3). While studies of 

molecular motions have been comprehensively done in proteins using combined computer 

simulations and NMR (4-7) , these motions have been less studied in RNA molecules despite 

their diverse nature. One major challenge that has partly hindered the computational studies of 

RNA is the force field limitations. Most of the current force fields have not been successful in 

supporting long simulations of RNA. An all-atom CHARMM36 force field has recently been 

developed based on cross-validation with NMR data (8). Motions have also been probed using 

NMR in some RNA molecules with the focus on base dynamics (9-12) and also ribose dynamics 
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(13). We have integrated computer simulation and NMR techniques to understand broad aspects 

of RNA dynamics and interaction. The evidence of active site rearrangement in the hairpin 

ribozyme loops, based on structural data, suggests mobility of certain residues in the activation 

process.  Using combined analysis of simulations and NMR to analyze RNA molecules, the role 

of dynamics can be demonstrated for RNA molecules during RNA folding or catalysis. 

In Chapter Two of this Thesis, MD simulation was used to determine conformational 

heterogeneity in RNA based on alternate base-pair formation within a subset of residues in the 

loop region of domain A of the hairpin ribozyme. The MD data was primarily acquired using 

CHARMM36 force field after force field comparison with amber ff10 force field indicated better 

structural overlap with CHARMM36 simulation. The observed conformers were extensively 

mapped and determined to form predominantly in the active site of loop A. Three main 

conformers and several minor conformations were observed in our simulations as analyzed by 

the Markov State model analysis. These three major conformers depict the local energy minima 

wells where these conformers reside within which there exist several minor states that undergo 

kinetic transitions within these local minima based on subtle structural changes and dynamics 

within a set of residues. RNA base residues and backbone dynamics played a major role in 

alternate base-pair formation and conformational heterogeneity in loop A. This suggests that 

conformational sampling and transition in loop A RNA is a key strategy to avoiding the kinetic 

traps that localize RNA in non-functional conformations. Kinetic transitions were achieved by 

loop A sampling a series of kinetic states which function to populate other conformers by 

accessing kinetic energy barriers that may limit the formation of functional (active) RNA. Of the 

conformations that were sampled, the most populated conformer, AA/CA, closely sampled 

conformational properties similar to the activated (docked) loop A conformation, suggesting the 
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activating role induced by conformational heterogeneity. This observation highlights the role of 

conformational sampling in pre-organizing and activating loop A (conformational selection) for 

tertiary RNA-RNA interactions. The slow docking association rates reported for hairpin 

ribozyme interaction (14) implies that some structural rearrangements occur in the independent 

loops (loops A and B) that initiate or stabilize the tertiary interactions necessary for docking 

together. This unique intrinsic base-pair rearrangement within a subset of kinetic states along the 

potential energy surface supports the description of a rugged but accessible free energy 

landscape of RNA with mechanistic properties that direct pre-organization to the activated state. 

The multiple conformers and inter-conformer transitions observed lay a foundation for 

understanding tertiary RNA interactions in hairpin ribozyme and RNA. Thus far, we have made 

significant correlations between the dynamics of RNA residues and conformational 

heterogeneity that we observed in loop A in the context of active site formation. 

In Chapter Three, we compared the docking transitions between wild type and mutant 

loop A using a circular dichroism assay. Docking was abrogated in the U+2C/C+3U mutant, 

which has additional two Watson-Crick base-pairs, as expected. This suggests the role of 

dynamics in facilitating docking. Because the U+2C/C+3U mutant is unable to form the docked 

structure despite docking with a U+2C single mutant (15), it is plausible that the U+2C/C+3U 

mutant reduces or quenches docking-activating dynamics. Important cytosine and uracil residues 

which we observed to be dynamic in the chapter 2 of this thesis are immobilized by base-pairing. 

It is also possible, that the constraint imparted on loop A by additional base-pairs could have 

inactivated the mutant.  We also determined the suitable loop A construct for NMR studies by a 

series NMR studies on various loop A constructs. The best-behaved loop A construct was used 

for resonance assignments of 1H, 13C, and 15N nuclei with their chemical shifts reported in the 
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results section of this chapter. Using exchangeable and non-exchangeable NMR experiments we 

have assigned significant resonances of loop A for the NMR-active nuclei. 

In Chapter Four, loop A dynamics were studied using the NMR relaxation measurements 

namely longitudinal relaxation (T1), transverse relaxation (T1ρ) and heteronuclear NOE (hNOE) 

using a 13C-uniformly labeled sample. Fast internal motions in the order of ps - ns timescale were 

analyzed using Lipari & Szabo’s Model-free approach by (16-18) with data from 13C R1, R1ρ, 

and heteronuclear NOE of loop A. Loop A was generally found to be a rigid molecule on this 

timescale with internal generalized order parameters, S2, of at least 0.9 in the helical regions as 

expected. Some atoms, however, were determined to have internal, effective correlation times 

indicative of fast motions on the ps to ns timescale, while others reported slow exchange in the 

µs-ms timescale. A wide variety of internal motions were observed in the non-helical portions of 

loop A, especially in the GAAA tetraloop and the loop region. The loop region constitutes the 

cleavage site of the hairpin ribozyme, and therefore it is plausible that these dynamics may play a 

role in accessing various energy wells in the complex energy landscape of loop A, in parallel 

with the calculational results described above. These internal motions time scales suggest a 

complex landscape of accessible states and potential correlations between observed motions.  

5.2 FUTURE DIRECTION 

In this thesis we have reported significant advancements in the analysis of RNA using 

integrated computational and NMR approach. However, questions still remain on some aspects 

of RNA dynamics and how these dynamics relate to RNA function. Below are insights into the 

future direction that will help us gain a deeper understanding of dynamics-function relationship 

in RNA. 
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5.2.1 Base dynamics for the hairpin ribozyme 

We have analyzed the base dynamics in the isolated loop A of the hairpin ribozyme using 

13C uniformly-labeled sample for the side-chain C8/C6/A-C2 sites. This represents the dynamics 

happening in the nucleic acid side chains. Molecular dynamics studies suggest certain dynamics 

reported for loop residues that seem to be correlated with base dynamics. To comprehensively 

investigate ribose dynamics in these residues, we will adopt the ribose specific 2',4'-13C labeling 

technique (19) to assess ribose backbone dynamics. Using model-free analysis of disorder on the 

ps-ns scale and multiple-field relaxation dispersion analysis of R1ρ and CPMG data will help 

obtain 13C ribose relaxation rates for loop A residues that have shown chemical exchange. Our 

relaxation data mostly displays repressed transverse relaxation rates in the internal loop, which 

supports conformational exchange in this region of the molecule. 

The assessment of dynamics in isolated domains can also be extended to loop B, whose 

structure has previously solved by NMR (20). Maintaining the construct whose NMR structure is 

available will be important due to the availability of resonance assignments. Similarly, base and 

ribose dynamics should be obtained by relaxation measurements (T1, T1ρ and hNOE) and 

relaxation dispersion to obtain dynamic rates and parameters in a variety of time regimes (ps-

ms). With the ground state dynamics defined, active site perturbations due to docking can be 

probed using labeled domain A with unlabeled domain B in the presence and absence of  

[Co(NH3)6]
3+. To prevent cleavage, an A38U mutant may be used instead of wild type loop A 

since it supports docking but not cleavage within the timescale of NMR experiments. Transitions 

relevant after during and after the docking process can be captured and analyzed in the context of 

available data. Such experiments also can definitively probe timescale of docking perturbations. 
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The work detailed in this thesis investigated dynamics in loop A RNA molecules and the 

results obtained reveal an integrated but complex conformational sampling and transitions 

throughout the RNA free energy landscape. This complexity presents a clearer picture of the 

structural versatility of RNA in fast and intermediate timescales relevant in the catalytic cycle of 

ribozymes. 

5.2.2 Functional read-out of dynamics 

Previously, it has been difficult to probe directly the functional relevance of a particular 

RNA conformational change or dynamic region. Our lab has recently developed a specific 

isotope-labeling scheme that labels alternate ribose carbons specifically to allow for ribose 

dynamics analysis using NMR relaxation (21). RNA labeled as such can be used to 

unambiguously probe ribose pucker C3’-endo/C2’-endo inter-conversions. The major question 

remains how we can determine the functional relevance of such interconversion? Our lab has 

recently demonstrated that we can preferentially perturb RNAs ribose pseudo-rotation using 

locked nucleic acids (LNA), which features a methylene linkage between 2' oxygen and 4' 

carbon, to completely restrict the nucleotide to a C3'-endo, and assay for functional effects of 

such perturbation (22). This technique has been used with great success to probe three systems 

with distinct types of conformational change: the fluctuation of an inactive ground state structure 

of a lead-dependent ribozyme  to a low-population active conformation of an unknown structure, 

the unfolding of a UUCG tetraloop, and the rearrangement of the U1 snRNA hairpin II (U1hpII) 

from a free conformation to a protein-bound form (22). From these experiments Julien et al 

showed that the imposition of a C3'-endo conformation using LNA at sites U6 of the UUCG 

tetraloop and C5 of U1hpII (both C2’-endo) resulted in a drastic decrease in the thermodynamic 

stability and protein binding respectively. By contrast, LNA substitution at G7 of the leadzyme 
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and A6 of U1hpII showed only minor effects implying that ribose conformational changes at 

these sites was not essential for the formation of the active state of leadzyme or for protein 

recognition by U1hpII. There was also a 20-fold increase in catalytic rate in the leadzyme upon 

LNA substitution at G9 which suggests the conformational activation by dynamics regulation. 

This phenomenon supports the idea of active and inactive conformational states observed due to 

dynamics in Chapter Two of this thesis. This technology presents a platform for mapping out 

conformational changes towards the activation of the hairpin ribozymes. LNAs have also 

previously been incorporated into helical regions and recognition arms of 10-23 catalytic DNA 

and the hammerhead ribozymes in an effort to improve targeting of cellular and RNA sequences 

resulting in dramatic effects upon structural stability and target affinity (23, 24). We can 

therefore employ LNA at specific dynamic residues to assess function that is coupled with ribose 

dynamics. This conformational change may be due to the pseudo-rotation angle inversion which 

couples to the RNA backbone dynamics. In the docked structure of the hairpin ribozyme  G+1 is 

extruded from the helical stack of loop A (25), and is stabilized by burial in its cognate loop B 

pocket. This constrains the ribose of both A-1 and G+1 into C2’-endo puckers. Despite the C2’-

endo pucker retention in G+1 between undocked (26) and docked loop A (25) structures, the 

ribose pucker of the adjacent nucleotide A-1 dramatically shifted from a C3'-endo to a C2'-endo 

upon docking. This suggests pucker rearrangement of A-1 to accommodate the docked state 

conformation. Similar pucker interconversions were observed in G8, C+3 and U+2 residues in 

loop A. Our simulation studies have also observed complementary pucker transitions in residues 

A7, G8, A9, G+1, U+2 and C+3, some being coupled to base-flipping. These residues provide us 

with initial points to begin the systematic functional probing of pucker dynamics using LNA 

substitution. These perturbations can be investigated by various assays including binding and 
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kinetic with relevant controls. Mutations or modifications have the limitation of the possibility of 

functional effects arising from features of the probe other than the intended perturbation. For 

LNAs, this possibility may be due to the loss of hydrogen-bonding groups on the 2'-hydroxyl or 

to the steric effect resulting from the bridging methylene group. A partial control for these effects 

should employ complementary analysis of 2'-deoxy and/or 2'-O-methyl modifications (22). In 

cases for which either of these modifications is poorly tolerated, the usefulness of LNA probing 

is reduced. Ideally, this technique would be well complemented by the possibility of locking 

ribose to the C2'-endo. Data from both C3' and C2' endo-locked residues would probe the ribose 

dynamics unambiguously. Nevertheless, the ability to lock a single residue in one conformation 

(C3'-endo) still presents an important step to understanding dynamics in RNA. With the 

available biochemical, kinetic and structural information for hairpin ribozyme, we can ultimately 

relate dynamics, structure and function in hairpin ribozyme and more generally small RNA 

catalysts. 
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