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ABSTRACT  

Although tremendous progress has been achieved towards understanding the biochemical 

versatility and biological functions of RNA, there is a need to deepen our understanding of the 

principles governing the structural and functional diversity of these fascinating 

biomacromolecules. One possible factor that contributes to the structural diversity of RNA is the 

presence of a variety of post-transcriptional modifications of the canonical nucleobases. Detailed 

analysis of the role of noncovalent interactions involving modified nucleobases in RNA is thus, 

expected to contribute to our understanding of the factors governing the structure and dynamics of 

RNA. In an attempt to contribute towards this theme, the present work employs a combination of 

sequence and structural bioinformatics techniques, along with quantum chemical calculations to 

understand the structure and strength of hydrogen bonded pairs and higher order structures 

involving post-transcriptionally modified nucleobases that are present in RNA macromolecular 

crystal structures. In addition to highlighting the important structural roles some of these hydrogen 

bonded entities in RNA molecules, our studies highlight the need for, and providing a 

comprehensive approach towards further investigations on such interactions in the context of many 

biological processes involving RNA. In addition to understanding the role of posttranscriptional 

modifications in RNA, we explored the structural and functional diversity exhibited by 

riboswitches, non-coding RNA, a class of RNA molecules that are a part of RNA regulatory 

networks, which specifically binds to small cognate ligands and regulate their turnover. Using QM 

and MD simulations, we explored the molecular features responsible for ligand recognition, and 

the associated role of noncovalent interactions in gene regulation by riboswitches. Overall, the 

thesis contributes towards understanding the structure-functional relationships in RNA 

macromolecules.  
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CHAPTER 1 

Introduction 

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are two important biological polymers 

that are responsible for the storage and transfer of genetic information. Although DNA and RNA are 

similar in terms of chemical constitution, the 3D structures of RNA molecules are more intricate in terms 

of their overall architecture. Unlike regular double stranded DNA, RNA molecules fold and the 

nucleotides interact with each other in characteristic ways, giving rise to modular units, called óRNA 

motifsô. Further, apart from coding RNAs with their primary role as information carriers, a wide range of 

noncoding RNAs (ncRNAs) are associated with a variety of functional roles. These include the regulation 

of gene expression (antisense RNA [1]), post-transcriptional regulation (miRNA [2]), organization of 

protein complexes (SRP-RNA [3]), cell-cell signalling (exRNA [4]), allosteric regulation of proteins [5] 

and catalysing a variety of biochemical reactions (antisense RNA [6, 7]).  

Although tremendous progress has been achieved towards understanding the versatile roles of 

RNA in modern biology, there is a need to deepen the understanding of the principles governing the 

structure, dynamics and functions of these fascinating biomacromolecules. In terms of structure, the single 

stranded RNA molecule folds on itself to give rise to intricate 3D architectures. These architectures are 

held together through defined molecular interactions mediated by various RNA modular motifs such as 

kink-turn motif, ribose zippers, kissing loop motifs etc. [8]. Such interactions provide structural diversity 

to each of the several types of RNA molecules and enable them to perform biomolecular activities with 

enhanced specificity and accuracy. At the fundamental physicochemical level, RNA macromolecules are 

held together by a variety of noncovalent interactions, including base pairing, baseïbackbone, and 

backboneïbackbone interactions, as well as base stacking interactions, each of which influence the RNA 
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backbone topology. In particular, the base pairing interactions in RNA are inherently diverse, especially 

when compared to DNA. Specifically, despite the abundance of canonical (A:U and G:C) pairs, 

particularly in helical (stem) regions of RNA, almost 40% of the base pairing interactions in known RNA 

structures are noncanonical [9]. Further, in addition to inherent variability in RNA base pairing 

geometries, the stability of these interactions is influenced by a variety of factors [10], which include 

influence of the local environment (e.g. pH and associated protonation effects), as well the presence of 

other entities such as metal ions and co-factors (both small molecules as well as proteins [11-13]).  

Another important factor than influences the variability in base pairing interactions in RNA is the 

posttranscriptional modifications of associated nucleobases. In particular, nucleobase post-transcriptional 

modifications enhance the diversity in the chemical composition of RNA nucleobases, with great precision 

and thereby incorporate diversity in functional RNA. Nucleobase modifications are known to serve as 

important evolutionary tool for tuning up the RNA structure to perform its biological functions with 

greater fidelity. For example, similar to proteins, where the post-translational modifications are associated 

with catalysis, initiation and termination of signal cascades, and integration of information at many 

metabolic intersections [14], post-transcriptionally modified nucleobases may also be associated with a 

variety of RNA functionalities. A detailed understanding of chemical modifications of RNA nucleobases, 

and resulting changes in associated noncovalent interactions, is therefore one of the necessary 

requirements for investigating the functional diversity of RNA molecules.  

Apart from post transcriptional modifications, another significant feature contributing to the RNA 

structural and functional diversity is their ability to bind specific small metabolites. Recent studies have 

characterized a distinct category of functional RNA molecules known as riboswitches, which can regulate 

the gene expression by binding to small metabolites/ligands. Such molecular recognition of the cognate 

ligand by riboswitches mainly involve non-covalent interactions, including stacking and hydrogen 
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bonding interactions. Thus, it is interesting to study the importance of molecular features involved in 

molecular recognition in such biological systems, which may be helpful in unravelling the molecular 

features that attribute to enhancing specificity and affinity of riboswitches towards their cognate ligand. 

 

Figure 1.1. (A) Modified base pair and (B) Base:ligand interactions in a representative functional RNA. 

The present work deals with detailed analysis of the role of hydrogen bonding interactions in 

facilitating the functional roles of post-transcriptionally modified nucleotides present in RNA molecules 

on one hand, for example presence of m5U:G base pair present in Intron-exon complex (Figure 1.1A) and 

in molecular recognition of ligands by riboswitches on the other, for example, Tetrahydrofolate ligand 

bound to the respective riboswitch and interacting with the nucleobases (Figures 1.1B &1.2B). The study 

involves a multipronged approach that combines structural bioinformatics, quantum chemical calculations 

and molecular dynamics simulations to develop a detailed understanding of the role of base modifications 

and base:ligand interactions in facilitating the functions of RNA. An effort is made to develop a repertoire 

of strengths and nature of hydrogen bonds in modified base pairs and base:ligand pairs on one hand, and 

to understand the role of hydrogen bonds in stabilizing higher order structures involving modified RNA 
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bases and RNA-binding ligands on the other. A brief introduction to the specific areas which are pursued 

in the present work is given here. 

1.1. Structural analysis of post-transcriptional modifications in RNA.  

1.1.1. Modified Base Pairs in RNA. In the complex functional RNA molecules, the first layer of 

structural diversity is established with the help of hydrogen bonding interactions involving four canonical 

nucleobases (A, G, C and U), which leads to complex secondary structural motifs. However, the presence 

of the post-transcriptionally modified nucleosides establishes a second information layer which is of vital 

importance to RNA function [15]. Such post-transcriptional modifications range from the addition of 

simple functional groups (e.g. base/ribose methylation) to that of complex side chains (e.g. hyper 

modifications, [16]). In addition, such modifications may also include substitution (e.g. conversion of 

uridine to 4-thiouridine, s4U), isomerization (e.g. conversion of uridine to pseudouridine, Ɋ) and reduction 

(e.g. conversion of uridine to dihydrouridine, D, Figure. 1.1, [17]). Available literature suggests that 

modifications serve as important evolutionary tool for tuning up the RNA structure to perform its 

biological functions with greater fidelity [18-20]. Thus, it is not surprising that modifications are present 

in RNA of organisms belonging to all three (i.e. archaea, bacteria and eukarya) domains of life [21], and 

the percentage of chemical modifications in a RNA sequence is roughly proportional to the complexity of 

the organism [22].  

Apart from changing the nucleotide conformational preferences, chemical modifications can affect 

the non-covalent interactions involving nucleobases in RNA [23]. For example, modifications at the 

hydrogen bond donor and acceptor sites of nucleobases are expected to significantly affect the hydrogen 

bonding propensities of the nucleosides, which may, in turn, affect the base pairing interactions in RNA 

[24]. However, although significant understanding has evolved regarding the conformational 
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consequences of nucleoside modifications, there remains a significant gap in understanding how chemical 

modifications affect the discrete non-covalent interactions between RNA nucleotides. 

 
Figure 1.2. (A) Modified base triplet (Ɋ:A:A motif) observed at the RNAïRNA interface. (B) Higher 

order interactions of ligand with aptamer bases. 

In the present work, an attempt has been made to fill this void in literature by probing into the 

geometrical features and the intrinsic stabilities of base pairs containing modified RNA bases, in terms of 

their molecular-level interactions, as well as their macromolecular context of occurrence in RNA 

structures. Our study involving a combination of RNA crystal structure database analysis, tRNA sequence 

database analysis, quantum chemical calculations and analysis of macromolecular structural contexts of 

modified base pairs in functional RNA, provide comprehensive insights into the structural and functional 

role of modified base pairs in RNA. Detailed analysis of base pairs involving post transcriptionally 

modified nucleobases in RNA is described in Chapter 2 of this thesis.  

1.1.2. Higher order associations involving modified bases. Apart from forming base pairs, modified 

bases also participate in higher order interactions involving base triplets and quartets that either bring 

together distant domains or are present at RNA:RNA interfaces. For example, pseudouridine present in 

mRNA codon, interacts with the anticodon base A36 of tRNA and it forms a tertiary A-minor interaction, 
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on interacting with the base A1493 of rRNA at the decoding region of ribosome (Figure 1.2A). In addition, 

modified base triplets stabilize many RNA tertiary interactions, including kissing loop interactions, 

hairpin loopïreceptor interactions and various óA-minorô motifs. In the present study, crystal structure 

analysis has been carried out to analyse the occurrence of modified base triplets and quartets in functional 

RNA. Further, through quantum chemical studies, an attempt has been made to understand the structure 

and stabilities of optimal geometries of modified base triplets, which are present at different positions in 

functional RNAs. Detailed analysis of higher order motifs involving post transcriptionally modified RNA 

bases is provided in Chapter 3 of this thesis.  

1.1.3. Structural analysis of interactions at the binding site of RNAïLigand complexes. 

1.1.3.1. RNA nucleobase: Ligand interactions. Rapidly growing crystal structure studies on RNAï

ligand complex structures show that a variety of small-molecule ligands can target RNA. Such ligands 

allosterically control the function of RNA molecules both naturally (as metabolites) and artificially (as 

therapeutic drugs, [11]). A number of ligands interact with RNA through base-pair like structures (Figure 

1.1B). These have been referred to as ñpseudo pairsò since these ligands possess planar or pseudo-planar 

moieties with hydrogen-bonding donors and acceptors arrangements resembling those present in the base 

moieties of the target RNA molecules [11]. With growing number of functional RNAs being discovered, 

the molecular basis of discriminative ligand binding and consequent conformational changes is an 

important area of research. Quantum chemical studies involving structural and energetic analysis of such 

RNA:ligand interactions can help develop a basis for structure based approach to the design of synthetic 

molecules that have the potential to target specific sites in functional RNAs, and alter their functions. 

Thus, a part of this thesis presents quantum chemical studies on the role of non-covalent interactions 

between RNA and small ligands at the ligand-binding sites (aptamer regions) in a specific category of 
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regulatory mRNA element, the riboswitches. A comprehensive analysis of nucleobase-ligand interactions 

in RNA is provided in Chapter 4 of this thesis. 

1.1.4. Specific studies on ligand binding in RNA riboswitches. 

To understand how a ligand is recognised in the RNA aptamer region of riboswitches, and how the 

interplay of non-covalent interactions helps in the process of molecular recognition, two different 

riboswitches, the one binding the prequeosine (PreQ1) and the other binding the tetrahydrofolate (THF) 

ligand, are studied in detail in the present work.  

1.1.4.1. PreQ1 riboswitch. PreQ1 binding riboswitch exhibits the smallest known aptamer (ligand ï 

binding) domain. This domain possesses an efficient structural organization and involves high affinity 

interactions with guanine derived metabolites such as 7-cyano-7-deazaguanine (PreQ0) and 7-

aminomethyl-7-deazaguanine (PreQ1). PreQ1 riboswitch is involved in the biosynthesis of queuosine, a 

hyper modified guanosine residue [25]. Jenkins et al. has previously reported crystal structures of the 

preQ1 riboswitch from Thermoanaerobacter tengcongensis in the preQ1-bound and free states [26]. In the 

present study, both quantum chemical and molecular dynamics simulation-based approaches have been 

used to study the role of non-covalent interactions in the recognition of PreQ0 and PreQ1 ligands in the 

RNA aptamer region. Specifically, quantum chemical models of RNA base-ligand interactions have been 

used to study the combined effect of hydrogen-bonding and base-stacking interactions in the molecular 

recognition of ligand at the aptamer binding pocket. In addition, all-atom classical MD simulations were 

performed on ligand bound/unbound RNA aptamers to understand the functional dynamics of RNA 

aptamer domain in general and the active site region in particular. Detailed MD and QM analysis of PreQ1 

riboswitch is provided in Chapter 5 of this thesis.  

1.1.4.2. Ligand binding in Tetrahydrofolate (THF) riboswitch. THF riboswitch is frequently 

associated with genes of proteins, which transport folate or catalyse reactions related to single-carbon 
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metabolism [27]. THF, a biologically active form of vitamin folate (B6), is an essential cofactor in one 

carbon transfer reactions. Crystal structures of ligand bound THF riboswitch aptamer have revealed that 

the aptamer is highly structured and include a three-way junction (3WJ) and an additional base-paired 

pseudoknot structure (PK) motifs [27]. In the present study, using quantum chemical approach, an attempt 

has been made to analyse the molecular features involved in ligand binding at both the 3WJ-site and the 

PK-site of the THF riboswitch. Additionally, MD simulations were performed on the ligand bound 

aptamers, with THF bound to different binding pockets within the aptamer. These studies were undertaken 

to understand the importance of more than one binding pocket within the aptamer, and to assess the role 

of additional ligand binding pockets in facilitating the riboswitch function. Detailed MD and QM analysis 

of PreQ1 riboswitch is provided in Chapter 6 of this thesis.  

1.2. Methodology. 

1.2.1. Analysis of modified base pairs and associated higher order structures. 

1.2.1.1. Dataset of RNA crystal structures. 

To identify base pairs containing modified bases, the occurrence of modified bases was first 

searched in RNA crystal structures. For this, the PDBsum [28] database, which summarizes information 

on X-ray crystal structures deposited in the protein databank (PDB) was used. Specifically, using the óHet 

Groupsô option of PDBsum, a unique 3-letter code corresponding to each of the 15 modified residues was 

used to retrieve the relevant list of PDB entries submitted till 18 July 2016. The retrieved crystal structures 

were further filtered according to their resolution, and in synchrony with previous crystal structure study, 

structures with resolution better than 3.5 Å were selected for further analysis. The dataset was intentionally 

kept redundant with respect to sequence, since the previous study has shown that possible modified base 

pair types and base conformations may differ within crystal structures of same RNA [24]. BPFind software 

[29] was used to analyse the occurrence, location and type of modified base pairs with at least two 
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hydrogen bonds in the selected RNA crystal structures. Of the fifteen modified bases, nine modified 

nucleosides participate in higher order motifs, of which 15 base triples and 3 base quadruple modified 

motifs from crystal structures belonging to different RNA classes. Among these motifs, four involve base 

methylation (m6
2A, m7G+, m5C and m5U), two involve 2'-O-methylation at ribose (Gm and Um) and three 

involve other modifications (s4U, Y and D).  

1.2.1.2. tRNA sequence analysis. 

We analysed all the 474 tRNA cytoplasmic sequences belonging to 73 organisms (i.e. prokaryotes 

(19), archaea (9), eukaryotes (41) and viruses (4)) from the tRNAdb database [30]. For each sequence, we 

recorded which bases are present at positions where modified base pairs occur in the analysed crystal 

structures of tRNA. Thus, at each of the position, the relative occurrence frequency of the modified base 

pair was recorded and ranked within all available combinations. Once the tRNA sequences that contained 

modified base pairs at specific positions were identified, the sequences that contained the modified pair 

were further classified according to the type of corresponding aminoacyl tRNA.  

1.2.1.3. Quantum mechanical energy minimization and interaction energies. 

Geometries of modified base pairs and higher order motifs were extracted from the best resolution 

crystal structures and were subjected to the quantum chemical analysis based approach of energy 

minimization and binding energy calculations, after adding hydrogen atoms at appropriate positions. For 

geometry optimization (energy minimization), the C1' atoms of the participating nucleosides were 

replaced with hydrogen atoms. For the interactions involving base-nucleoside interactions, depending on 

whether sugar moieties are involved in base pairing, the respective ribose sugars were retained during 

energy minimization. In these cases, the 5'ïOH group of the interacting ribose sugar was replaced by 

hydrogen atom, whereas the 3'ïOH group was retained during calculations.  
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As in previous studies [28-31], geometry optimization was carried out at the B3LYP/6-31G (d, p) 

[31, 32] level using Gaussian 09 [33]. The strength of hydrogen bonds between modified base and the 

other bases was calculated in terms of binding energy or interaction energy, which is defined as the extra 

stabilization acquired by two independently geometry optimized bases when they form the complex. 

Interaction energies were calculated, as in previous studies [10, 34, 35], at the RIMP2/aug-cc-pVDZ level 

[36, 37], and were corrected for basis set superposition error [38] using the Turbomole v6.2 [39] suite of 

quantum chemical programs. 

1.2.1.4. Comparison of optimized base pair geometries with corresponding geometries in the 

macromolecular crystal contexts.  

1.2.1.4.1. Inter nucleotide parameters. 

Change in the geometries upon optimization, and variation in structures of crystal occurrences were 

quantitatively evaluated by comparing the base pair parameters (buckle, propeller, open angle, shear, 

stretch and stagger) of the crystal occurrences with the optimized geometry of each base pair, as well as 

among the different crystal occurrences of the base pair (Figure 1.3). These calculations were done using 

upgraded version of NUPARM software [40], which uses the edge-specific system for calculation of base 

pair parameters, which is specific to RNA base pairs. 

1.2.1.4.2. Root Mean Square Deviation (RMSD). 

The difference between the crystal geometry and corresponding optimized geometry was quantified in 

terms of root mean square deviations (RMSD) for each crystal occurrence of individual modified base 

pairs. Further, to analyse the geometric variation, within crystal occurrences for different interaction types 

respectively, the RMSD of each crystal occurrence of the different base pairs were also calculated with 

respect to the average structure among all crystal occurrences. These calculations were done using VMD 

v1.9 software [41]. 
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Figure 1.3. Schematic representation of Intra base pair parameters buckle, open, propeller, stagger, shear 

and stretch. 

1.2.1.4.3. E-Values of hydrogen bonds. 

To evaluate the relative goodness of hydrogen bonds within base pairs in their crystal occurrences as well 

as in optimized geometries, we have calculated a parameter called E-value. The E-value parameter assess 

the quality of hydrogen bonds in the absence of hydrogen atom coordinates and is useful for analysing 

hydrogen bonds within the crystal occurrences of base pairs. A flowchart of the methodology followed 

for calculations on modified base pairs and triples is provided in Figure 1.4. 

1.2.2. Analysis of base ï ligand hydrogen bonding in RNA-Ligand Complexes.  

A survey of PDB database for entries of crystal structures of riboswitches which were published till 

December 31, 2016, revealed a total of 137 crystal structures containing 17 unique riboswitch aptamer 

structures, crystallized with 56 different ligands. In these structures, 11 riboswitch aptamers bind to 

ligands and their derivatives with varying binding affinities and the other 6 aptamers bind to only one 

specific ligand. All these crystal structures were considered in the present study. Initial models of the 

nucleobase:ligand pairs were developed by extracting heavy atom coordinates from X-ray crystal 

structures of RNA riboswitch aptamers bound to their respective cognate ligands. Hydrogen atoms were 

added to the system and their positions were minimized by doing óhydrogen onlyô optimization (i.e. after 
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freezing the heavy atoms) at B3LYP/6-31G (d, p) level [31, 32]. Subsequently, full optimizations were 

also carried out at the same level of theory. The BSSE corrected interaction energies of the optimized 

nucleobase:ligand geometries were calculated at RIMP2/aug-cc-pVDZ level [36, 37].  

 
Figure 1.4. Flow chart representation of methodology followed for analysis of modified base pairs and 

higher order structures. 

1.2.3. Analysis of ligand binding in PreQ1 and THF riboswitches. 

1.2.3.1. Quantum chemical calculations. Initial models of the ligand-aptamer base pairs were developed 

by extracting heavy atom coordinates from available (PDB) X-ray crystal structures of PreQ1 and THF 

riboswitch aptamers bound to their cognate ligands. Quantum chemical methods used for studying the 

molecular interactions in ligand binding pocket were the same as described in section 1.2.2, although 

selected geometry optimizations of higher order structures were carried out at the TPSS/6-311++G (d, p) 

level [42]. 

1.2.3.2. Molecular Dynamics Simulations. 

Simulation Setup: MD simulations were carried out using the NAMD 2.9 software [43] with the 

parmbsc0 modification to AMBER ff99 force fields [44]. The studied molecular systems were solvated in 
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a 10 Å cubic box of TIP3P water molecules [45]. Minimization was carried out in two steps: First, for 

50,000 cycles with all heavy atoms fixed, followed by 50,000 cycles with no fixed atoms. The temperature 

was then gradually raised from 0 K to 300 K with an increment of 6 K/ps, followed by backbone restrained 

equilibration of 100 ps and unrestrained equilibration for 1.5 ns. The thermally equilibrated structures 

were then used for 50 ns production runs. Integration time step of 2 fs was used and the SHAKE algorithm 

[46] was used to constrain bond lengths involving hydrogens. Periodic boundary conditions were 

employed to eliminate surface effects and the Particle Mesh Ewald (PME) was used for full electrostatic 

computations with tolerance of 10ï6 and grid spacing of 1 Å [47]. Langevin dynamics [48] was used to 

perform NPT simulations at controlled temperature of 300 K at 1 atm pressure.  

Trajectory and Structural analysis: Trajectory analysis was done using built-in programs of VMD 1.9 

[41], CPPTRAJ [49] and GROMACS 4.5 [50] packages. These include the calculations of RMSD of all 

the backbone atoms for each of the states respectively during simulation, with reference to their 

corresponding pre-equilibrium geometries. We have also calculated RMSF of the C1' atoms, in the 

trajectories, with respect to their initial positions at the beginning of the production run. Base pairs were 

identified and analysed using BPFIND tool. The variation in interaction energies involving individual 

base pairs or complete structural blocks are estimated using CPPTRAJ tool.  

Molecular dynamic simulations and Time scale 

Molecular dynamics (MD) simulations are widely used to investigate the processes occurring on 

timescales from femto second to milli second. In vivo/In vitro, depending on the surrounding conditions, 

biomolecules are dynamic in nature, and visit many conformations. MD simulations can be used as a 

means of sampling the various allowed conformations of the biomolecules. They can help identify or 

determine the stability aspects of the experimental structures. These simulations can also be used in 
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conjunction with homology modelling to provide an energetically stable structure of a protein or any 

biomolecule with known sequence, but unknown structure.  

 
Figure 1.5. Schematic representation of range of time scales, size and computational expense for 

dynamics by different simulation techniques.  

 

In order to understand the atomic-scale interactions determining a biomoleculeôs folding pathway and 

stabilizing its native fold, long timescale (>1˃s) MD simulations act as a powerful tool (Figure 1.5). The 

fastest folding full-length proteins currently known require 0.7-1.0 ˃ s to fold, and only recently atomistic 

MD simulations with explicit solvent have become feasible on the microsecond timescales. 
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CHAPTER 2 

Structural Landscape of Base Pairs Containing Post-Transcriptional 

Modifications in RNA 
 

Post-transcriptionally modified nucleobases provide additional chemical diversity to the 

architecture of the constituent nucleotides and are believed to play important roles in a wide variety of 

functional RNAs. In terms of mechanistic understanding, one of the ways through which modified 

nucleobases provide stability to the RNA 3D structures, is by inducing suitable alterations to the 

conformational preferences of the nucleotides. For example, methylation at the 2'ïOH group of ribose, 

shifts the equilibrium towards C3'-endo sugar pucker, thus favouring the A-form RNA helices [1]. Further, 

contrary to the anti conformation adopted by naturally occurring nucleotides, pseudouridine prefers the 

syn conformation at the glycosidic bond. Given the low energy requirement for the anti/syn transition, 

pseudouridine can shift between the two conformations with relatively greater ease and can function as a 

conformational switch in RNA [2]. Dihydrouridine, on the other hand, significantly destabilizes the C3'-

endo sugar conformation, which is associated with base stacked, ordered, A-type helical RNA. Thus, it is 

not surprising that dihydrouridine is found in higher percentage in RNA of organisms that grow in low 

temperatures, where it provides extra flexibility [3]. 

Apart from changing the conformational preferences, modifications can also affect the 

noncovalent interactions in RNA [4]. Base pairing and base stacking constitute the major noncovalent 

interactions through which RNA nucleotides interact with each other. Although base stacking helps in 

RNA folding, it is less specific and weaker compared to base pairing [5]. In contrast, base pairing provides 

directionality and specificity [5, 6], and plays a crucial role in scripting the structural variety and functional 

dynamics of RNA molecules. In this context, the base pairing classification (Figure. 2.2) efforts by Leontis 



21 

 

and Westhof [5-7] and quantum chemical revelation of physicochemical principles of RNA base pairing 

[8-17], coupled with increasing availability of X-ray crystal structures of functional RNA, have 

significantly enhanced our understanding of base pairing involving canonical nucleosides in RNA. 

However, the effect of nucleoside modifications on intrinsic properties of RNA base pairs has been 

considered only in a few quantum chemical or structural studies [18-20]. 

 
Figure 2.1. Schematic representation of modified base pairs showing their interacting edges. Red triangles 

represent modification involving methyl group substitution, whereas blue triangle represents substitution 

of oxygen with sulfur atom. The ribose sugar is represented by órô in the structures of dihydrouridine (D) 

and pseudouridine (y). 

Previous studies on tRNA post transcriptional modifications observed that modifications that 

introduce positive charge strongly stabilize the geometry of the corresponding base pairs. An example in 

context is the stabilization of a reverse Watson-Crick geometry of G15:C48 tertiary interaction in RNA 
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invoking positively charged archaeosine modification of guanine [20]. More recently, analysis of available 

RNA crystal structures [18] revealed that 11 types of base modifications participate in base pair formation, 

forming 27 distinct base pair combinations. Further quantum chemical studies revealed that whereas 

methyl modifications either impart steric clashes or introduce positive charge, other modifications such as 

Ɋ and D affect the stability and flexibility of the structure [18]. Be that as it may, there remains a 

significant gap in understanding of the structural principles involving modified base pairs in RNA. A 

number of factors need to be considered, in order to address it. First, since the structural diversity of 

modifications varies across different groups of RNAs [21], the relative abundance of modified base pairs 

with respect to different RNA classes need to be considered.  

 
Figure 2.2. (A) Schematic representation of cis (C) or trans (T) orientation of the glycosidic bond. (B) 

List of 12 RNA base pairing families. W, H and S represent Watson-Crick, Hoogsteen and sugar edges 

respectively. 

 

Further, due to the prevalence of sugar modifications in RNA, and given the fact that ribose plays 

an important role in RNA base pairing [12, 13, 17], the effect of ribose modifications on geometries and 

stabilities of RNA base pairs need to be analysed. In addition, the geometric characteristics of crystal 

occurrences of modified base pairs need to be analysed in detail, in order to quantify the effect of base 
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modifications on conformational flexibilities of base pairs in crystal contexts. Finally, the structural 

context of occurrence of modified base pairs in RNA structures need to be considered, in order to evolve 

deeper understanding of the functional roles of such base pairs. 

This chapter attempts at understanding the structural and functional role of naturally occurring 

modified base pairs by analyzing their distribution in different RNA classes, with the help of crystal 

structure and sequence database analyses. In the process it also quantitatively examines the variation in 

geometrical features of modified base pairs within RNA structures and characterizes their optimum 

geometries and binding energies using advanced quantum chemical methods. Further comparison of 

modified base pairs with their unmodified counterparts illustrates the effect of modification induced 

alterations of steric and electronic structures. Analysis of specific structural contexts of modified base 

pairs in RNA crystal structures revealed several interesting scenarios, including those at the tRNA:rRNA 

interface, the antibiotic-binding sites on the ribosome, and the three-way junctions within tRNA. When 

analyzed in the context of available experimental data, these studies provided insights in to the extent of 

correlation between the occurrence and strength of modified base pairs and their respective specific 

functional roles. 

2.1. Sequence ï structure ï energetics context of occurrences of modified base pairs in functional 

RNAs. 

 

2.1.1. Statistical overview of modified base pairs in RNA 3D structures. 

2.1.1.1. tRNA structures show a remarkably high occurrence of modified base pairs. Fifteen different 

types of naturally occurring modified RNA nucleosides were searched to analyze their propensities to 

form base pairs (Table 2.1). 11 of them involved modification(s) of the nucleobase moiety and were 

previously found to participate in base pairing in RNA structures [18]. Since methylation of 2'-OH group 

is also known to affect base pairing involving sugar edge interactions [5], they were also considered for 

all four nucleosides (A, C, G and U). A set of 207 high-resolution RNA crystal structures, containing at 
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least one modified base according to specific search criteria (see Materials and Methods), was selected for 

analysis. While 80% of the crystal structures belong to four major RNA classes (tRNA (25%), 16S rRNA 

(24%), 23S rRNA (23%) and RNA binding proteins (11%), Figure2.3), the occurrence of modified bases 

in rest of RNA classes was rather marginal (each below 10%).  

Table 2.1. Naturally occurring modified bases that participate in base pairing in RNA crystal 

structures. 

Modified basesa Observed base pairs 

N1-methyl adenine (m1A) m1A:A W:HT, m1A:m5U W:HT, m1A:m5Um W:HT 

N6,6-dimethyl adenine (m62A) m6
2A:G S:ST 

2' -O-methyl adenine (Am) Am:G S:ST 

N2-methyl guanine (m2G) m2G:C W:WC, m2G: C W:W(+)C, m2G:U  W:WC 

N2,2-dimethyl guanine (m22G) m2
2G:A  W:WC 

N7ïmethyl guanine (m7G) 
m7G:G  W:HT, m7G:C  W:WC, m7G:A S:ST, m7G:A 

S:WT 

2'ïO-methyl guanine (Gm) Gm:A W:WC, Gm:G S:SC, Gm:C W:WC, 

C5-methyl cytosine (m5C) m5C:G  W:WC, m5C:G W:WT 

2'ïO-methyl cytosine (Cm) Cm:Gm  W:WC 

Pseudouridine (Ɋ) Ɋ:A W:WC, Ɋ:A W:HT, Ɋ:G W:WC, Ɋ:C S:WC 

5,6-dihidrouridine (D) D:G W:ST, D:G H:SC, D:U W:WT, D:U S:ST 

C5-methyl uracil (m5U) m5U:A W:HT, m5U:G W:WC, m5U:G W:HT 

2',5-dimethyl uracil (m5Um) m1A: m5Um  H:WT 

2'-O-methyl uracil (Um) Um:A W:WC, Um:A W:HT, Um:G H:SC 

4-thiouridine (s4U) s4U:A W:HT, s4U:A W:ST, s4U:A S:SC 
aMethylated bases are represented as mXN, where ómô represents methyl group, the superscript 

óXô represents the position of the methyl group and óNô represents the nucleobase. mX
YN is used 

to represent more than one methyl substituent, where the subscript óYô represents the number of 

methyl substituents. 2'ïOïribose methylation is represented as Nm. 
 

Base pairs involving at least one modified base were detected in 65% (135) of the total (207) 

crystal structures. Approximately one third of such structures belong to tRNA (36%), another one third to 

23S rRNA (34%) and one-sixth belong to 16S rRNA (18%, Figure 2.3). More than half of the modified 

bases within the dataset participate in base pairing, whereas the unpaired modified bases were present in 

other variable structural contexts. A total of 453 modified base pairs were detected from these RNA crystal 

structures, half of which belong to tRNA. This is in agreement with previous studies that observed 

relatively greater occurrence of modified bases in tRNA compared to other RNA classes [22, 23]. Given 
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that most of the nucleobases in tRNA are involved either in base pairing or in tertiary interactions [19], it 

is not surprising that most of the modified bases present in tRNA also participate in base pairing.  

 
Figure 2.3. (A) Percent distribution of total 207 crystal structures in the dataset as a function of RNA 

type.  (B) Percent distribution of those 135 crystal structures as a function of RNA type that contain at 

least one modified base. 

2.1.1.2. Modified base pairs are observed in all major RNA structural elements and span diverse 

RNA base pairing geometries. Distribution of modified base pairs with respect to their contextual 

occurrence in RNA crystal structures reveals that approximately half (49%) of them are present in stem 

(helical) regions, 14% in loop regions and rest 37% are involved in tertiary interactions. Overall, the results 

are in line with a previous crystal structure analysis [18], where 41% of the total modified base pairs were 

found to be involved in tertiary interactions. Categorization of modified base pairs in terms of the portion 

of the nucleoside that interacts with the partner nucleoside reveals that 80% of them involve base-base (B-

B) interactions, 12% involve base-nucleoside (B-S) interactions and 8% involve nucleoside-nucleoside 

(S-S) interactions. Further categorization of base pairs in terms of the interacting edge (Watson-Crick (W), 

Hoogsteen (H) or Sugar (S)) and the glycosidic bond (cis or trans, Figure2.2) orientation reveals that the 

B-B interactions involving modified bases (80%) span four of the six associated base pairing families ï 

W:WC (49%), W:HT (27%), W:WT (3%) and W:HC (1%). Notably, no examples of modified base pairs 

are observed among H:HC and H:HT families of base pairs.  
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This is so, since possibly due to their unique backbone topology requirements, these base pair families are 

themselves known to occur rarely in RNA structures [24]. On the other hand, B-S (12%) and S-S (8%) 

Table 2.2. Occurrence frequency and the type of RNA in which the 36 unique modified base pairs were 

identified in the dataset. 

Base pair Typea fb RNA type 

m5C:G  W:WC B-B 87 tRNA, 16S rRNA 

m2G:C W:WC B-B 38 tRNA, 16S rRNA 

Ɋ:A W:WC B-B 24 tRNA, mRNA:tRNA 

m7G:C  W:WC B-B 22 16S rRNA 

m2
2G:A W:WC B-B 16 tRNA 

Gm:C W:WC B-B 12 23S rRNA 

Ɋ:G W:WC B-B 10 tRNA 

Um:A W:WC B-B 4 23S rRNA 

m5U:G W:WC B-B 3 snRNA 

m2G: C W:W(+)C B-B 3 tRNA 

m2G:U  W:WC B-B 1 tRNA  

Gm:A W:WC B-B 1 23S rRNA 

Cm:Gm  W:WC B-B 1 23S rRNA 

m5U:A W:HT B-B 34 tRNA 

m7G:G  W:HT B-B 27 tRNA 

Ɋ:A W:HT B-B 22 16S rRNA 

m1A: m5U  H:WT B-B 18 tRNA 

s4U:A W:HT B-B 15 tRNA 

m5U:G W:HT B-B 2 tRNA 

m1A:A H:WT B-B 1 tRNA 

m1A:m5Um  H:WT B-B 1 tRNA  

Um:A W:HT B-B 1 23S rRNA 

D:U W:WT B-B 12 tRNA 

m5C:G W:WT B-B 3 tRNA  

Ɋ:C S:WC B-S 22 16S rRNA 

m7G:A S:WT B-S 10 16S rRNA 

s4U:A W:ST B-S 7 tRNA 

D:G W:ST B-S 1 tRNA 

D:G H:SC B-S 1 tRNA 

Um:G H:SC B-S 1 23S rRNA 

Gm:G S:SC S-S 30 23S rRNA 

s4U:A S:SC S-S 1 tRNA 

m6
2A:G S:ST S-S 3 23S rRNA:tRNA 

Am:G S:ST S-S 2 Ribozyme 

m7G:A S:ST S-S 1 16S rRNA 

D:U S:ST S-S 1 tRNA 
a B-B, B-S and S-S stand for base-base, base-sugar and sugar-sugar interactions respectively. b 

Occurrence frequency. 
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interactions span all six possible base pair geometries (W:SC (5%), W:ST (4%), H:ST (2%), H:SC (1%) 

S:SC (6%) and S:ST (2%). Overall, the total 453 base pairs identified in RNA crystal structures belong to 

36 unique base pairing combinations, 24 of which involve B-B interactions, 6 involve B-S interactions 

and 6 involve S-S interactions (Table 2.2). 

2.1.1.3. Methylation is the preferred chemical modification in RNA base pairs. Distribution of 

modified base pairs, with respect to the type of modification, reveals that more than half of them contain 

at least one methylated base (60% total, 35% in tRNA and 22% in 16S rRNA). Further, depending on the 

number of potential methylation sites available in the parent nucleobases, substantial diversity is observed 

in methylated base pairs. For example, one third of the total methylated base pairs contain m5C, followed 

by methylated G (26%) that include m7G (13%), m2G (9%) and m2
2G (4%). However, in contrast with the 

abundance (86%) of base pairs containing base modifications, only 14% of modified base pairs contain 

sugar methylation at 2'-OH. The greater abundance of methylated base pairs in RNA structures can be 

correlated to the wide variety of structural roles played by these bases that include enhancement of base 

stacking and increase in nucleobase polarizability by base methylations, and tendency to favor C3' endoï

conformation, block sugar-edge interactions and enhancement of stability against hydrolysis by 

methylation at 2'-OH of sugar [25].  

2.1.1.4. Base pairs containing modified uridine or guanosine are relatively more abundant. Crystal 

structure analysis reveals that 72% of the modified base pairs contained either modified uridine (37%) or 

modified guanosine (35%). The greater proportion of base pairs containing uridine modifications is in 

keeping with the natural occurrence of rich variety in uridine modifications in nature (base methylation 

and/or sugar methylation, thiolation, pseudouridylation or reduction), each of which has the propensity to 

form base pairs. In fact, 6 of the 15 modified nucleosides that form base pairs (Table 2.1), contain 

modification of uridine. On the other hand, greater abundance of base pairs containing guanosine 
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modifications can be correlated to occurrence of a variety of methylation sites at guanosines (e.g. N1, N2, 

N7 or 2'ïOH), as well as the propensity of guanosine to form singly and doubly methylated structures at 

N2, all of which participate in base pairing.  

2.1.2. Statistical analysis of modified base pairs in tRNA sequence database. 

As mentioned above, the greatest fraction of modified base pairs is observed in tRNA crystal structures. 

Owing to the availability of greater number of sequences of tRNAs compared to their 3D structures, 

sequence analysis can provide more detailed information about conservation patterns of modified base 

pairs. However, the usual method of sequence annotation in the sequence database available at the 

National Center for Biotechnology Information [26] does not include information on the presence of 

modified bases in nucleic acid sequences. These rules out the possibility of use of sequence alignment 

algorithms, such as BLAST [27] etc. for analysis of modified base pairs in the sequence space.  

To overcome this difficulty, we have used the tRNA sequence database [28], which is a repository 

of sequences that provides information on presence of modified bases at different tRNA positions. Within 

these sequences, base pair combinations present at 10 different base pairing positions in tRNA were 

searched and graded according to their occurrence frequency in all the sequences (Figure2.4). Analysis of 

sequences revealed additional examples of modified base pairs in these top 10 selected positions in the 

tRNA structures.  

For example, although the m2
2G:A combination in W:WC geometry observed most frequently at 

the 26:44 position in tRNA crystal structures is also most frequently observed within the tRNA sequences, 

our sequence analysis reveals three new examples of modified base pair combinations (m2
2G:U, m2

2G:Um 

and m2G:A) at this position.  
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Figure 2.4. Schematic representation of most commonly observed modified base pairs in tRNA 

sequences. (A) Distribution of modified base pairs in tRNA sequences divided according to the domains 

of life. (B-K) Presence of modified base pairs in 10 major base pair positions (represented by red circles) 

in tRNA structures. The newly identified modified base pair combinations observed from sequence 

analysis are shown in bold in the corresponding tables. 
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Similarly, at the position 54:58 of TɊC-loop in tRNA, although the m5U:A W:HT is the most 

frequently observed combination, and it covaries with m5U:m1A, m5Um:m1A and A:m1A pairs in tRNA 

crystal structures, sequence analysis reveals 5 new examples of modified base pair combinations (m1Ɋ:A, 

U:m1A, Ɋ:m1A, Ɋ:A and m5Um:A) at this position. On similar lines, tRNA sequence analysis identified 

6 additional modified base pair combinations at other important positions (Figure 2.4), which were not 

observed in tRNA crystal structures. 

Detailed analysis further reveals that occurrence of some modified base pairs are restricted to 

certain domains of life and are completely absent in others. For example, although modified base pairs 

m2G:C, m2
2G:A and m5C:G at positions 10:25, 26:44 and 49:65 respectively, are observed in tRNA 

sequences of archaea and eukarya, they are absent in bacteria (Figure2.4). Similarly, the m5U:m1A base 

pair present at 54:58 position and Ɋ:G base pair at 13:22 position were respectively found only in 

eukaryotic tRNA, and were absent in lower domains (bacteria and archaea). While these examples suggest 

the absence of some modified base pair combinations in lower organisms, certain modified base pairs are 

only observed in lower organisms and have not reached higher domains of life. Thus, thiouridine base 

pair, s4U:A at position 8:14 is observed in bacteria and archaea but not in eukarya. Nevertheless, four 

modified base pairs G:m7G, A:m5U, G:Ɋ and A:Ɋ, observed at tRNA positions 22:46, 54:58, 30:40 and 

31:39 respectively, are present in all three domains of life. Overall, these results point towards phylogeny-

dependent distribution of modified base pairs in tRNA, which may stem from domain-specific strategies 

of RNA maturation [23]. 

2.1.3. Geometric and energetic characterization of modified base pairs. 

Of the 36 unique modified base pair combinations identified in RNA crystal structures, 23 are 

involved in multiple instances (Table 2.2), where geometrical variations were observed within different 

occurrences of each base pair. Such variations arise due to both, difference in macromolecular context as 
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well as on the identity of the base pairs. I have used eight different structural parameters, viz. root mean 

square deviation (rmsd), buckle (ə), propeller twist (ˊ), open angle (ů), stagger (sx), shear (sy), stretch (sz) 

and E-value to quantify the variation in geometries and hydrogen bonding characteristics of modified base 

pairs in their crystal contexts. Analysis of average and standard deviation in these parameters reveals that 

most of the base pairs involving B-B interactions exhibit relatively smaller deviation among crystal 

occurrences.  

However, significant variation is observed in base pairs involving B-S and S-S interactions, which 

can be mainly attributed to the flexibility of ribose sugar and associated glycosidic torsional freedom. 

Geometry optimization of a suitably chosen representative crystal occurrence of each modified base pair, 

using quantum chemical methods, helped in locating the minimum energy structures of isolated base pairs. 

These optimized isolated base pair structures represent the ideal base geometries that would be obtained 

in the absence of macromolecular crystal structure effects, and are useful to quantify the role of interbase 

hydrogen bonding in determining the structure of the pair. Thus, the comparison of geometries of the base 

pairs observed in its isolated form, with those observed in RNA structural context, can provide useful 

insights into the interplay of the forces within the crystal environment.  

These results reinforce the hypothesis that the variation in geometrical parameters and E-values 

between the crystal and the optimized geometry of each base pair depend on the geometry of the base pair, 

the type of interaction (B-B vs. B-S vs. S-S) and the identity of the interacting bases. For example, whereas 

the high rmsdav (0.8 Å) of the optimized structure of Um:A W:WC pair compared to its crystal occurrences 

is because of significant relaxation of buckle and propeller parameters on optimization. Similarly, the high 

rmsdav (1.2 Å) of the optimized structure of m22G:A W:WC from its crystal occurrences can be explained 

in terms of optimization of hydrogen bond distances (and consequent large deviation in E-values) on 

optimization. Comparison of optimized geometries, and corresponding interaction energies, of modified 
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base pairs with their respective unmodified counterparts, can provide important clues regarding the effect 

of base modification on the geometries of base pairs; in particular those related to the structure and strength 

of hydrogen bonding interactions between the pairing bases. 

 
Figure 2.5. Structural alignment of crystal occurrences of modified base pairs (with occurrence frequency 

Ó 30) with their corresponding optimized structures. Occurrence frequency and average RMSD (in ¡) 

with respect to the optimized structure (ball and stick, red) is given in the parenthesis. 

Geometrical deviations between each modified base pair and its unmodified counterpart were also 

measured and analyzed. Based on this analysis, the effects of base modification on base pairing can be 

divided into two broad categories: 

2.1.3.1. Base pairs where modification induces significant electronic effects. These include 17 base 

pairs that involve significant (>2 kcal/mol) change in interaction energy on base modification (Figure 2.6). 

Such base pairs can further be grouped into five subcategories: 

(a) Base pairs involving alteration of charge on modification: These include 7 base pairs, 4 of which 

belong to W:HT family (m7G:G, m5U:m1A, m5Um:m1A and A:m1A) and one each to W:WC (m7G:C), 



33 

 

S:WT (m7G:A) and S:ST (m7G:A) families. All of these acquire positive charge on modification. The 

resulting enhanced electrostatic component of interaction energy significantly increases the overall base 

pairing energy (by up to 15 kcal/mol) on modification. 

(b) Base pairs involving alteration of hydrogen bonding on modification: These include two base pair 

instances, viz. Ɋ:C S:WC and Gm:G S:SC. In the former instance, modification disrupts one of the inter 

base hydrogen bonding, resulting in decrease in binding energy by 6.3 kcal/mol. However, in Gm:G S:SC, 

the latter instance, modification alters the H-bonding interactions without affecting the stability of the base 

pair. 

(c) Base pairs involving change in relative position of electronegative atoms on modification: These 

include three base pairs involving Ɋ, where Ɋ differs from U essentially in terms of the positioning of 

glycosidic bond. The replacement of U with Ɋ changes the relative orientation of the glycosidic bonds of 

the base pair (thus a trans base pair involving U will be equivalent to a corresponding cis pair involving 

Ɋ), and also alters the position of one of the base nitrogen atoms with respect to the partner base. This 

results in change in binding energy of the base pair. 

(d) Base pairs involving replacement of the highly electronegative element (O) with a lesser 

electronegative element (S) present on the interacting edge. This category includes the s4U:A W:HT base 

pair, where O4 atom present on the WC edge is replaced by S atom. Since atom S4 is not involved in 

interbase hydrogen bonding in the modified or the unmodified base pair, the interaction energy of s4U:A 

W:HT is similar (0.4 kcal/mol) to that of the unmodified pair. 

(e) Base pairs involving change in aromaticity of the nucleobase ring on modification. These include four 

dihydrouridine containing base pairs, viz.D:U W:WT, D:G W:ST, D:G H:SC and D:U S:ST, where the 

loss of aromaticity increases the pucker of the pyrimidine (D) ring, and dihydrouridine-containing base 
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pairs adopt different geometries compared to their unmodified counterparts.  The resulting change in 

interaction energies has been shown to go up to 2.8 kcal/mol.  

 
Figure 2.6. Schematic representation of some modified base pairs illustrating effect of type (e.g. U:A 

W:HT) and position (e.g. G:C W:WC)  of modification on the stability of the base pair. Interaction energy 

is represented in parenthesis (in kcal/mol).  


