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ABSTRACT 

 

Structural Analysis of ‘key’ Interactions in Functional RNA Molecules  

Mohit Chawla 

 

The main objective of the thesis is to carry out structural bioinformatics study along with usage 

of advanced quantum chemical methods to look at the structural stability and energetics of 

RNA building blocks. The main focus of the work described here lies on understanding the 

reasons behind the intrinsic stability of key interactions in nucleic acids. Crystal structures of 

RNA molecules exhibit fascinating variety of non-covalent interactions, which play an important 

role in maintaining the three dimensional structures. An accurate atomic level description of 

these interactions in the structural building blocks of RNA is a key to understand the structure-

function relationship in these molecules. An effort has been made to link the conclusions drawn 

from quantum chemical computations on RNA base pairs in wide biochemical context of their 

occurrence in RNA structures. The initial attention was on the impact of natural and non-

natural modifications of the nucleic acid bases on the structure and stability of base pairs that 

they are involved in.  In the remaining sections we cover other molecular interactions shaping 

nucleic acids, as the interaction between ribose and the bases, and the fluoride sensing 

riboswitch system in order to investigate structure and dynamics of nucleic acids at the atomic 

level and to gain insight into the physical chemistry behind.  
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Chapter 1 

Introduction 

1.1 Nucleic Acids 

Nucleic acids are essential biomolecules of cellular life and possess a variety of functions many 

of which are still to be uncovered. In modern cellular organisms, genetic information is stored 

and encoded in the sequence of the double-helical DNA molecule which primarily utilizes the 

canonical A-T and G-C base pair, see Figure 1.1. RNA molecules are produced by copying 

selected segments of DNA in a process called transcription. With the discovery that RNAs can 

perform catalytic reactions, our vision that RNA simply serves as information transfer molecules 

has dramatically changed. We call these RNAs ribozymes, and for this discovery, Sidney Altman 

and Thomas Cech received the Nobel Prize in 1989. Today we know that RNAs not only serve as 

an intermediary between DNA and proteins, but are also able to perform catalytic reactions and 

are involved in a variety of processes in cells, such as translation, transcription, gene 

expression, gene regulation and more! The more we learn about RNA molecules, the more we 

discover new ways for their potential use in medicine, biotechnology, and basic science. Each 

building block of nucleic acids are called nucleotides which consists of three chemically diverse 

compounds: an aromatic nucleobase (pyrimidine or purine), a five-membered (2’–deoxy) ribose 

sugar moiety, and a negatively charged phosphate group, which imparts a nucleotide acidic 

properties, see Figure 1.2. While the nucleobase is linked to C1’ utilizing a N-glycosidic bond, 

the phosphate group is covalently attached to the O5’ atom of the sugar through a bridging 

phosphodiester linkage. The major difference between DNA and RNA is that nucleotides of the 
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former incorporate 2’–deoxyribose sugar while the latter include ribose. The nucleotides are 

joined together by an esterification reaction between C3’ hydroxyl group of one nucleotide and 

a phosphate of another to form a directional linear chain.   

The major structural diversity of RNA molecules is due to the hydrogen bonding capability of 

the C2’ hydroxyl group enabling RNA to be shaped utilizing variable non-canonical interactions 

and imparting various structural features. Even though RNA molecules are single stranded, their 

structural and functional variability is overwhelming, see Figure 1.3. The unique molecular 

architecture of RNA, as observed in the wide range of sizes and shapes in which functional RNAs 

occur, presents a series of challenges in understanding the structure and dynamics of these 

complex molecules. DNA molecules also show considerable structural variability, ranging from a 

local variability of the canonical A-/B-/Z- DNA conformations to non-canonical structures, such 

as the i-motifs or guanine quadruplexes (G-DNA), organized through cation-stabilized guanine 

tetrads. 
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Figure 1.1. A Watson–Crick B-DNA double helical structure and the Watson–Crick base pairs.The 

left part of the Figure is adapted from a review by Carell et.al.(1) 

 

 

 

 

Figure 1.2. RNA strand fragment, with 5’ to 3’ direction of chain shown by an arrow with atom 

base numbering. The three components of nucleotide, that is, the nucleobase, ribose and the 

phosphate is also annotated. The figure is adapted from Saenger, 1984.  
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Figure 1.3. Two examples of RNA structures A) tRNAPhe (PDB is: 1EHZ; resolution: 1.9Å); B) Large 

ribosomal subunit of ribosome structure (PDB id: 1S72; resolution: 2.4 Å) 

 

1.2 Structural and Functional analysis of RNA molecules 

 
Ever since its inception till fairly recently, a major part of molecular biology research has been 

largely centered on the role of DNA as the carrier of genetic information in terms of their 

sequences and on the role of proteins in terms of their functions. For example, structural 

genomics, the systematic determination of all macromolecular structures represented in a 

genome, is by and large focused at present exclusively on the proteins. Similarly, though crystal 

structures of both of DNA as well as those of proteins have been studied widely, in the early 

days of structural biology, proteins have attracted far more attention than DNA. Of course, 

proteins seemed to be involved in a variety of biochemical processes. DNA, on the other hand, 

was thought to be a fairly stable molecule with a regular double helical structure. With the 

increasing evidence of sequence related structural variations in DNA and that of sequence 

selectivity of DNA binding proteins, the structural biology of DNA attained greater importance. 

However, the structural analysis of RNA molecules was by and large a neglected area possibly 
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because of two reasons. One is the prevailing understanding that like DNA molecules, RNA 

molecules have no ‘structure’ related functional role to play and that in terms of sequence 

information they have nothing more to offer than what DNA already provides us with. The 

other reason is of course that in vitro handling and crystallization of RNA molecules were found 

to be quite problematic. Today, with the determination of high resolution 3D structures of t-

RNA molecules(2)  ribozymes(3-5), group  I and II introns(6-8) and even of ribosome(9-11), the 

scenario has completely changed on both counts. Another aspect of RNA research that has 

attracted a lot of attention since the late 80’s, is the RNA folding problem. Given that RNA has 

only four types of building blocks (A/U/G/C) and as many as six backbone torsions, and that 

RNA structure is not nucleated by a hydrophobic core; the mechanism and kinetics of RNA 

folding differs greatly from that of proteins. It is now well accepted fact that the RNA folding 

seems to be driven principally by hydrogen bonding and base stacking, coupled with a complex 

network of non-canonical interactions which are highly dependent on environmental factors 

such as presence of metal ions and protein cofactors(12). Interaction of water and metal 

cations, and protonation of nucleicacid residues seems to neutralize the electrostatic repulsion 

due to negatively charged phosphate groups with in nucleic acids. It is therefore very important 

to perform a proper analysis of each of these noncovalent interactions that govern the folding 

and dynamics of these complex RNA molecules, and the estimation of their energetics in terms 

of their relative and absolute weights, will help us to understand the basic physicochemical 

principles governing the formation of the complex natural nucleic acid architectures. The 

structural principles derived from such an analysis can also be used to assemble synthetic 

nanoarchitectures from nucleic acids. Although the chemical composition of RNA is similar to 
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DNA, the three dimensional structure of RNA is similar to that of proteins in terms of their 

overall architecture and level of complexity. At the sequence level, RNA consists of individual 

nucleotides, covalently linked from 5’ to 3’ terminal by sugar-phosphate backbone similar to 

what is observed in DNA. But in case of RNA structures each nucleotide consists of three 

chemical moieties the base, the sugar and the phosphate. However, unlike regular double 

stranded DNA, single stranded RNA molecules fold on to themselves, and the nucleotides 

interact with each other in characteristic ways. Earlier analyses of known RNA structures have 

long since shown(13) that there are stretches of nested base pairs contributing to secondary 

structures linked with structurally varied as well as functionally significant (14) helical elements 

such as hairpin regions, symmetrical and asymetrical internal loops, internal bulge loops, 

multiple junctions and pseudo knots etc. involving non nested tertiary and neighbor 

interactions consisting of mainly non-Watson- Crick (non-canonical) base pairs, base triplets 

and even base quadruples(15) etc. Analysis of crystal structures of various functional RNAs have 

shown that RNA structures can be understood in terms of hierarchically organized stem-loop 

motifs forming higher order recurrent structural motifs. These structural motifs may be 

characterized in terms of backbone torsions and base pairings, with stabilities of these motifs 

primarily driven by H-bonding and stacking interactions between the bases. A study of the 

geometry and interaction energies of the constituent base pairs and their correlation with the 

backbone torsions can provide us with a much desired understanding of the rules governing 

sequence to structure relations in RNA. However, there are a large number of non-canonical 

base pairs even in double helical regions(13). It has also been noted that even the connecting 

loops themselves are highly structured and, in addition to the presence of base phosphate and 
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base sugar interactions, are rich in non-canonical base pairs(12). It is to be remarked that the 

Interaction energies of several of these non-canonical H-bonded and stacked complexes have 

been extrapolated from results of ab-initio calculations,(16-21)are of similar order of magnitude 

as the canonical A:U W:W cis or G:C W:W cis base pairing geometry. In fact, if we consider base 

triples and tertiary interactions, it has been observed that nearly 40% of base pairing 

interactions are non canonical(22). It thus appears that detailed study of both energetics and 

structural context specific occurrence frequency is needed to develop a better framework for 

RNA structure prediction. With the current availability of large amount of complex and diverse 

data related to the sequence - structure - function space of RNA molecules, the structural 

bioinformatics of RNA has become an important and emerging research area. 

 

 
1.3. Leontis -Westhof definition of RNA base pairs: Classification and Nomenclature 

 
Leontis and Westhof (LW) have characterized the different types of H-bonded base pairs and 

proposed a base pair classification for nucleic acids based on the observation that the planar 

edge to-edge hydrogen bonding interactions between two bases involve one of three distinct 

edges(22), see Figure 1.3. These have been classified as the Watson–Crick edge(W), the 

Hoogsteen (H) edge (for purines) or the equivalent “C-H” edge (for pyrimidine), and the Sugar 

(S) edge, so-named because it includes the 2`- hydroxyl group. A given edge of one nucleobase 

can potentially interact in a plane with any one of the three edges of a second nucleobase, and 

can do so in either the cis or trans orientation of the glycosidic bonds. (Figure 1.1) To define the 

relative orientation of the two bases, a line is drawn parallel to and between the two 

connecting H-bonds. The interaction of the bases is called ‘trans’ if the glycosidic bonds of the 
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interacting nucleotides lie on opposite sides of the line. It is called ‘cis’ if the glycosidic bonds of 

the nucleotides are on the same side of the line. Thus, 12 distinct edge-to-edge interactions are 

possible. Each pairing geometry is designated by stating the interacting edges of each of the 

two bases (Watson–Crick, Hoogsteen, or Sugar edge) and the relative glycosidic bond 

orientation, cis or trans. Within each of the 12 geometric families, we can consider 4 X 4 = 16 

possible combinations of bases. This counts to 16*12 = 192 base pairs. The actual number of 

unique base pairs is, however 192 - 24 = 168, due to the intrinsic self-symmetry of base pairs 

belonging to the W:W and H:H families, both in their cis and trans orientations. An extended 

study by Stombaugh et al analyzed frequencies of occurrence of these 168 different types of 

base pairs, on the basis of analysis of non-redundant RNA structural dataset. It may be 

mentioned that within each of these types there can be multimodality of pairing geometries, 

whereby they have different hydrogen bonding pattern even while interacting from the same 

edge. Besides that, a nucleobase may also get protonated, or may possess natural post-

transcriptional modifications that then can potentially be engaged in base pairing geometry. 

The detailed analysis of occurrences of natural post-transcriptional modifications and its 

propensity to be engaged in H-bonding has been described in detail in Chapter 4 of the current 

thesis. Considering that the base can be protonated, modified, as well exist in different 

tautomeric states, the number of possible base pairing possibilities further increases.  Finally, it 

may be noted that apart from base-base H-bonding, there are many other kinds of H-bonds, for 

instance in base-phosphate, intramolecular O2’H. . .O3’/O5’/OP, etc. 
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Figure 1.4 In the upper panel, Leontis/Westhof classification of base pairings. (A) RNA bases - 

Cytosine (C) and guanine (G) - involve one of three distinct edges: the Watson–Crick (W) edge, 

the Hoogsteen (H) edge, and the Sugar (S) edge, with their respective symbols The lower panel 

shows the H-bonding for Guanine and Cytosine in either cis or trans orientations with respect to 

the glycosidic bonds. 

 
1.4 Objectives and Contributions 

The present thesis titled “Structural Analysis of ‘key’ Interactions in functional RNA molecules” 

has been divided into seven chapters with five chapters describing the main results. The main 

objective of the thesis is to carry out structural bioinformatics study along with usage of 

advanced quantum chemical methods to look at the structural stability and energetics of RNA 

building blocks. The summary of the chapters are described below: 
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Chapter 3. Impact of the environment on structure and stability of Reverse Watson-Crick 

Guanine-Cytosine base pair in Functional RNAs 

Chapter 3 presents the bioinformatics study along with quantum chemical calculations to shed 

light on the impact of environmental factors on the structural stability of a rather weak 

Guanine-Cytosine Reverse Watson-Crick base pair. Our analysis reflects that 66% of the G:C 

trans base pairs in the PDB are engaged in additional H-bonding interactions with other bases, 

the RNA backbone or structured water molecules. High level quantum mechanical calculations 

on a dataset of high resolution crystal structures shed light on the structural stability and 

energetics of the various crystallographic motifs. This analysis was extended to the binding of 

the preQ1 metabolite to a preQ1-II riboswitch. The study has been published as below: 

Chawla, M., Abdel-Azeim, S., Oliva, R., Cavallo, L. Nucleic Acids Res. 2014, 42, 714-726. 

 

Chapter 4. An Atlas of RNA Base Pairs Involving Modified Nucleobases with Optimal 

Geometries and Accurate Energies 

The primary motivation of this chapter is to find out occurrences and the nature of post-

transcriptional modifications present in RNA crystal structures. Our analysis confirmed that a 

significant fraction of RNA experimental structures analyzed present modified nucleobases, 

with the majority of them being involved in H-bonding interactions with other bases, i.e. 

“modified base pairs”. This chapter presents a systematic investigation of modified base pairs, 

in the context of experimental RNA structures. To this end, we first compiled an atlas of 

experimentally observed modified base pairs, for which we recorded occurrences and structural 
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context. Then, for each base pair, we selected a representative for subsequent quantum 

mechanics calculations, to find out its optimal geometry and interaction energy. Our structural 

analyses show that most of the modified base pairs are non Watson-Crick like and are involved 

in RNA tertiary structure motifs. In addition, quantum mechanics calculations quantify and 

provide a rationale for the impact of the different modifications on the geometry and stability 

of the base pairs they participate in.  The study has been published as below: 

Chawla, M., Oliva, R., Bujnicki, J.M., Cavallo, L. Nucleic Acids Res., 2015, 43, 6714-6729.  

 

Chapter 5: Theoretical Characterization of Structure and Energetics of the Non-Natural 

(Synthetic) Base-Pairs in Nucleic Acid Structures 

In addition to the natural post-transcriptional modifications, present in functional RNA 

molecules, as described in Chapter 4, the interest of biochemists has recently been inclined 

towards the design of non-natural (synthetic) modifications of the Nucleic acid building blocks 

to complement the natural ones for a variety of applications. In this chapter, we present four 

different studies, as described in the below subsections: 

5.1 Theoretical Characterization of the H-Bonding and Stacking Potential of TwoNon-Standard 

Nucleobases Expanding the Genetic Alphabet 

In this chapter, we report a quantum chemical characterization of the non-natural (synthetic) H-

bonded base pair formed by 6-amino-5-nitro-2(1H)-pyridone (Z) and 2-amino-imidazo [1,2-a]-

1,3,5-triazin-4(8H)-one (P). The Z:P base pair, orthogonal to the classical G:C base pair, has been 

introduced in DNA molecules for expanding the genetic code. Our results indicate that the Z:P 
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base pair closely mimics the G:C base pair both in terms of structure and stability. To clarify the 

role of the NO2 group on the C5 position of the Z base, we compared the stability of the Z:P 

base pair with that of base pairs having different functional groups at the C5 position of Z. Our 

results indicate that the electron donating/withdrawing properties of the group on C5 has a 

clear impact on the stability of the Z:P base pair, with the strong electron withdrawing nitro 

group achieving the largest stabilizing effect on the H-bonding interaction, and the strong 

electron donating NH2 group destabilizing the Z:P pair by almost 4 kcal/mol. Finally, our gas 

phase and in water calculations confirm that the Z-nitro group reinforces the stacking 

interaction with its adjacent purine or pyrimidine ring. This study has been published as below: 

Chawla, M., Credendino, R., Chermak. E., Oliva, R., Cavallo, L. J. Phys. Chem. B. 2016, 120, 

2216-2224 

5.2 Structural and Energetic Impact of Non-natural 7-deaza-8-azaadenine and its 7-

Substituted Derivatives on H-bonding Potential with Uracil in RNA Molecules 

Non-natural (synthetic) modifications have been introduced in RNA molecules to complement 

the natural ones. In this context, azapurine and deazapurine analogues have been pointed out 

for several applications. In particular, 7-deazapurines, as well as 7-deaza-8-azapurine analogues 

have been reported to be suitable for modification by copper-catalyzed azide/alkyne 

cycloaddition (CuAAC or click) chemistry, and used to modify siRNA molecules, and to probe 

RNA editing by adenosine deaminases. Quite recently, the X-ray structures of synthetic RNA 

molecules, with incorporation of ethenyl and triazole substitutions at C7 position of 7-deaza-8-

azaadenine have been reported. In this chapter, we perform quantum mechanics calculations 
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to shed light on the impact of these modifications on the H-bond pairing potential. We 

especially focused on the effect of the modifications on the geometry and energetics of the 

base pairs they are involved in, and compared them with the standard A:U Watson Crick pair, 

by analyzing first the impact of the structural modification of the adenosine skeleton, then by 

analyzing the impact of a series of substituent on the C7 atom of the modified base. 

Consistently with the experimental results, our calculations indicate that the 7-deaza-8-aza 

modification and the presence of different substituents on the C7 atom have a negligible 

impact on the structure and energetics of the base pair. This confirms that replacement of 

natural adenines in nucleic acids by a modified base belonging to this family should be 

transparent in terms of structure and stability. This study has been published as below: 

Chawla, M., Credendino, R., Oliva, R., Cavallo, L. J. Phys. Chem. B. 2015, 119, 12982-12989 

 

5.3 Structural and Energetic Characterization of the Emissive RNA Alphabet Based on the 

Isothiazolo[4,3-d]pyrimidine Heterocycle Core 

Here, we present a theoretical characterization of the fluorescent non-natural nucleobases tzA, 

tzG, tzC, and tzU, derived from the isothiazolo[4,3-d]pyrimidine heterocycle. Consistently with 

the experimental evidence, our calculations show that the non-natural bases have minimal 

impact on the geometry and stability of the classical Watson-Crick base pairs, allowing them to 

accurately mimic natural bases in a RNA duplex, in terms of H-bonding. In contrast, our 

calculations indicate that H-bonded base pairs involving the Hoogsteen edge are destabilized 

relative to their natural counterparts. Analysis of the photophysical properties of the non-
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natural bases allowed us to correlate their absorption/emission peaks to the strong impact of 

the modification on the energy of the lowest unoccupied molecular orbital, LUMO, which is 

stabilized by roughly 1.0-1.2 eV relative to the natural analogues, while the highest occupied 

molecular orbital, HOMO, is not substantially affected. As a result, the HOMO-LUMO gap is 

reduced from 5.3-5.5 eV in the natural bases to 4.0-4.4 eV in the modified ones, with a 

consequent bathochromic shift in the absorption and emission spectra. This study has been 

published as below: 

Chawla, M., Poater, A., Oliva, R., Cavallo, L. Phys. Chem. Chem. Phys. 2016, 18, 18045-18053 

 

5.4 Theoretical Characterization of Sulfur-to-Selenium Substitution in an Emissive RNA 

Alphabet: Impact on H-bonding Potential and Photophysical Properties 

In this sub-section, we employ density functional theory (DFT) and time-dependent DFT 

(TDDFT) calculations to investigate the structural, energetic and optical properties of a new 

computationally designed RNA alphabet, where the nucleobases,tsA, tsG, tsC, and tsU (ts-bases), 

have been derived by replacing sulfur with selenium in the previously reported tz-bases, based 

on the isothiazolo[4.3-d]pyrimidine heterocycle core. We find out that the modeled non-natural 

bases have minimal impact on the geometry and energetics of the classical Watson-Crick base 

pairs, thus potentially mimicking the natural bases in a RNA duplex in terms of H-bonding. In 

contrast, our calculations indicate that H-bonded base pairs involving the Hoogsteen edge of 

purines are destabilized as compared to their natural counterparts. We also focus on the 

photophysical properties of the non-natural bases and correlate their absorption/emission 

peaks to the strong impact of the modification on the energy of the lowest unoccupied 
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molecular orbital. It is indeed stabilized by roughly 1.1-1.6 eV as compared to the natural 

analogues, resulting in a reduction of the gap between the highest occupied and the lowest 

unoccupied molecular orbital from 5.3-5.5 eV in the natural bases to 3.9-4.2 eV in the modified 

ones, with a consequent bathochromic shift in the absorption and emission spectra. Overall, 

our analysis clearly indicates that the newly modelled ts-bases are expected to exhibit better 

fluorescent properties as compared to the previously reported tz-bases, while retaining similar 

H-bonding properties. In addition, we show that a new RNA alphabet based on size-extended 

benzo-homologated ts-bases can also form stable Watson-Crick base pairs with the natural 

complementary nucleobases. This work has been published as below: 

Chawla, M., Poater, A., Oliva, R., Cavallo, L.. Phys. Chem. Chem. Phys. 2018, 20, 7676-7685. 
 

Chapter 6. Occurrence and Stability of Lone Pair–π Stacking Interactions between Ribose and 

Nucleobases in Functional RNAs  

The specific folding pattern and function of RNA molecules lies in various weak interactions, in 

addition to the strong base-base pairing and stacking. One of these relatively weak interactions, 

characterized by the stacking of the O4ʹ atom of a ribose on top of the heterocycle ring of a 

nucleobase, has been known to occur but has largely been ignored in the description of RNA 

structures. We identified 2015 ribose-base stacking interactions in a high-resolution set of non-

redundant RNA crystal structures. They are widespread in structured RNA molecules and are 

located in structural motifs other than regular stems. Nearly 50% of them involve an adenine, 

as we found ribose-adenine contacts to be recurring elements in A-minor motifs. Fewer than 

50% of the interactions involve a ribose and a base of neighboring residues, while 

approximately 30% of them involve a ribose and a nucleobase at least four residues apart. 
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Some of them establish inter-domain or inter-molecular contacts and often implicate 

functionally relevant nucleotides. Accurate evaluation of the ribose-base stacking interaction 

energy indicates that it contributes 2–3 kcal/mol to the RNA stability. Finally, we found that 

lone pair-p stacking interactions also occur between ribose and aromatic amino acids in RNA-

protein complexes. This study has been published as below: 

Chawla, M., Chermak, E., Bujnicki, J.M., Oliva, R., Cavallo, L. Nucleic Acids Res. 2017, 45, 11019-

11032. 

Chapter 7. Structural Stability, Acidity and Halide Selectivity of the Fluoride Riboswitch 
Recognition Site 

Using static and dynamics DFT methods we show that the Mg2+/F–/phosphate/water cluster at 

the center of the fluoride riboswitch is stable by its own and, once assembled, does not rely on 

any additional factor from the overall RNA fold. Further, we predict that the pKa of the water 

molecule bridging two Mg cations is around 8.4. We also demonstrate that the halide selectivity 

of the fluoride riboswitch is determined by the stronger Mg-F bond, which is capable of keeping 

together the cluster. Replacing F– with Cl– results in a cluster that is unstable under dynamic 

conditions. Similar conclusions on the structure and energetics of the cluster in the binding 

pocket of fluoride-inhibited pyrophosphatase suggest that the peculiarity of fluoride is in its 

ability to establish much stronger metal-halide bonds. The study has been published as below: 

Chawla, M., Credendino, R., Poater, A., Oliva, R., Cavallo, L. J. Am. Chem Soc. 2015, 137, 299-

306. 
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Chapter 2 

Methods 

Computer modeling and simulation are widely accepted as a tool that can help to study the 

properties of chemical and biological systems and to generate new scientific understandings to 

move in the right way towards the effective design of catalysts. 

The strength of this field is the possibility to rationalize experimental results allowing gain in 

terms of human time, money (saving on reagents, solvent and disposals) and environmental 

care. In general, with computational chemistry it is possible to study the relative stability of 

molecules, to characterize the species along reaction pathways and the thermodynamics and 

the kinetic of the reactions, to understand the bond strengths, to rationalize and predict the 

behavior of some classes of complexes, to obtain spectroscopic information, to quantify intra 

and inter-molecular forces and more. 

 

2.1 The Born-Openheimer Approximation and the Concept of Electronic Structure 

The Born-Openheimer approximation(23) simplifies the complicated Schrödinger equation for 

molecular problem by assuming that the electronic motion and the nuclear motion in molecules 

are independent of each other and thus can be separated. 

The Born-Openheimer approximation is based on the following two assumptions: 

i) The wavefunction can be represented as a product of an electronic wavefunction and a 

nuclear wavefunction. 
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𝛹𝑡𝑜𝑡(𝑅, 𝑟) = 𝛹𝑒𝑙(𝑅, 𝑟)𝛹𝑛𝑢𝑐𝑙(𝑅)                                                              (2.1) 

where R and r denote the nuclear and the electronic coordinates respectively. 

ii) The electronic wavefunction depends parametrically on the coordinates of the nuclei, but not 

on their momenta. The Schrödinger equation for a given molecule: 

𝐻𝑡𝑜𝑡𝛹𝑡𝑜𝑡(𝑅, 𝑟) = 𝐸𝑡𝑜𝑡𝛹𝑡𝑜𝑡(𝑅)                                                                     (2.2) 

where the total Hamiltonian, Htot  

𝐻𝑡𝑜𝑡 = 𝑇𝑡𝑜𝑡 + 𝑉𝑡𝑜𝑡 = (𝑇𝑒𝑙 + 𝑇𝑛𝑢𝑐𝑙) + (𝑉𝑛𝑒 + 𝑉𝑒𝑒 + 𝑉𝑛𝑛)                         (2.3) 

where Tel and Tnuc are the kinetic energy of electrons and nuclei, respectively, Vne stand for the 

coulombic attraction between electrons and nuclei, while Vee and Vnn stands for the coulombic 

repulsion between electrons and nuclei, respectively.  

Since nuclei are much heavier than electrons, the electrons move much faster than the 

nuclei and they are assumed to move in the potential of fixed nuclei. Hence, the term 

corresponding to the nuclear kinetic energy can be neglected from equation (2.3) and the inter-

nuclear repulsion can be considered to be constant. At this point, the electronic Hamiltonian 

can be defined as: 

𝐻𝑒𝑙 = 𝑇𝑒𝑙 + (𝑉𝑛𝑒 + 𝑉𝑒𝑒 + 𝑉𝑛𝑛) = 𝑇𝑒𝑙 + 𝑉                                                   (2.4) 

Applying the electronic Hamiltonian to the electronic wavefunction, we obtain the electronic 

state of the molecule by solving the equation: 
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(𝑇𝑒𝑙 + 𝑉)𝛹𝑒𝑙(𝑅, 𝑟) = 𝑈𝑛(𝑅)Ψ𝑒𝑙(𝑅, 𝑟)                                                    (2.5) 

where Un is the sum of the electronic energy and the potential energy of the nuclei, for a fixed 

nuclear coordinates. For each of the possible nuclear configurations, we will have a set of 

different electronic wavefunctions and the corresponding electronic energies. The resolution of 

this equation is the first of the two steps in the Born-Openheimer approximation. 

Once the electronic Schrödinger equation is solved, in the second step, we have to apply 

the complete Hamiltonian to the nuclear wavefunction to solve the complete Schrödinger 

equation: 

(𝑇𝑛𝑢𝑐𝑙 + 𝑇𝑒𝑙 + 𝑉)𝛹𝑛𝑢𝑐𝑙(𝑅) = 𝐸𝑡𝑜𝑡𝛹𝑛𝑢𝑐𝑙(𝑅)                                         (2.6) 

Then, as the electrons move much faster than the nuclei, it is a reasonable approximation to 

replace the electronic Hamiltonian by its average value. This generates a nuclear Hamiltonian 

for the nuclear motion in the average potential of the electrons, which transforms equation 2.6 

into 

(𝑇𝑛𝑢𝑐𝑙 + 𝑈𝑛(𝑅))𝛹𝑛𝑢𝑐𝑙(𝑅) = 𝐸𝑡𝑜𝑡𝛹𝑛𝑢𝑐𝑙(𝑅)                                        (2.7) 

This potential Un, also known as adiabatic potential, comes from the resolution of the electronic 

Schrödinger equation (2.7) and corresponds to the sum of the electronic energy and the 

coulombic repulsion between the nuclei, for a fixed nuclear arrangement. This adiabatic 

potential calculated for a large number of nuclear geometries is known as potential energy 

surface (PES). 
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2.2 Ab initio Methods  

2.2.1 Hartree-Fock Self Consistent Field (SCF) Method 

The Hartree-Fock theory(24,25), a landmark in the development of quantum chemistry, is the 

first successful approximation to solve the many body multi-electronic systems. The 

Hamiltonian for any molecule having M nuclei and N electrons, assuming the nuclei and 

electrons to be point masses, is represented as: 

𝐻𝑒𝑙 = −
ħ2
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Where, me = mass of electron, 𝛻𝑖
2 = Laplacian with respect to the coordinates of i-th electron, Zα 

= atomic number of nucleus α, riα = distance between i-th electron and α-th nucleus and rij = 

distance between i-th electron and j-th electron. In this approximation, the inter-electronic 

repulsion terms are assumed to be non-separable. Therefore, a zeroth order wave function is 

obtained as a product of N-one electronic orbitals. 

𝛹0 = |𝜒1(𝑟1, 𝜃1, 𝜑1)𝜒2(𝑟2, 𝜃2, 𝜑2) … 𝜒𝑁(𝑟𝑁, 𝜃𝑁 , 𝜑𝑁)〉                                   (2.9) 

Where one electron orbital in spherical polar coordinates can be expressed as 𝜒 =

𝑅𝑛𝑙(𝑟)𝑌𝑙
𝑚(𝜃, 𝜑); with 𝑅𝑛𝑙(𝑟) and 𝑌𝑙

𝑚(𝜃, 𝜑) are the radial part and the spherical harmonics of 

the electronic wavefunction. 

Even though the wavefunction represented by equation (2.9) is qualitatively sounded, but 

much quantitative information cannot be gained. The accuracy of the wave function can be 

improved by considering different effective quantum numbers for different orbitals, which will 
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take care of the screening effect of electrons. In order to improve further the quality of the 

wave function, a variational function is considered. The wave function will become more 

accurate by considering 𝜒𝑖  that minimizes the variational integral, ⟨𝛹|𝐻|𝛹⟩ ⟨𝛹|𝛹⟩⁄ .  

This is the basic approximation of Hartree’s Self Consistent Field (SCF) method. The 

drawback came out since the orbital product wavefunction (2.9) is not antisymmetric. Latter, 

Fock modified this method by the inclusion of the antisymmetric nature to the wave function in 

the form of Slater determinants and followed the same iterative procedure to describe the 

orbitals which are known as Hartree-Fock SCF (HFSCF) atomic orbitals (AO). The differential 

equation for HFSCF AO is represented as: 

𝑓|𝜒𝑎〉 = 𝜀𝑎|𝜒𝑎〉                                                                                         (2.10) 

The orbital energy of the spin orbital 𝜒𝑎 is 𝜀𝑎. The Fock operator (f) can be expressed as: 

𝑓 = −
1

2
∇𝑖

2 − ∑
𝑍𝛼

𝑟𝑖𝛼

𝑁

𝑖

+ ∑ ∑ 2𝐽𝑖𝑗

1
2⁄

𝑗

− 𝐾𝑖𝑗                                            (2.11)

1
2⁄

𝑖

 

= ℎ + ∑ ∑ 2𝐽𝑖𝑗 − 𝐾𝑖𝑗                                                                         (2.12)

1
2⁄

𝑗

1
2⁄

𝑖

 

Where h is called one electron core Hamiltonian. 

2.2.2 Electron Correlation 

In HF SCF, the interactions between electrons are taken into account only in an average way, 

which is one electron interacts with an average charge distribution of the rest, while the 
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electrons on the other hand tend to keep out from each other due to repulsions. For instance, if 

one electron gets near the nucleus at any time the other electron will remain far away as 

possible. In other words the electrons tend to correlate their positions to acquire a stable state. 

This is called correlation. One of the limitations of HF theory is that it does not include exact 

electron correlation and therefore the calculated energy value is slightly higher than the true 

energy. Three common methods to incorporate electron correlation into the wavefunction are 

configuration interaction, Møller-Plesset perturbation theory(26), and coupled cluster theory. 

These calculations begin with HF approximation and then corrected for correlation as follows: 

𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑛𝑜𝑛𝑟𝑒𝑙 − 𝐸𝐻𝐹                                                                                     (2.13) 

The correlation energy (𝐸𝑐𝑜𝑟𝑟) is the difference between the exact nonrelativistic energy 

(𝐸𝑛𝑜𝑛𝑟𝑒𝑙) and the HF energy (𝐸𝐻𝐹). 

2.2.3 Configuration Interaction (CI) 

In order to account for electron correlation, configuration interaction (CI) uses a trial wave 

function that is constructed by a linear combination of configuration state functions (CSFs). 

𝛹𝐶𝐼 = ∑ 𝐶𝑖𝛷𝑖

𝑖=0

= 𝐶0𝛷𝐻𝐹 + ∑ 𝐶𝑆𝛷𝑆

𝑆

+ ∑ 𝐶𝐷𝛷𝐷

𝐷

+ ∑ 𝐶𝑇𝛷𝑇

𝑇

+∙∙∙∙∙∙∙∙            (2.14) 

The first term in the CI-expansion is normally the HF determinant. The other CSFs can be 

characterized by the number of spin orbitals that are swapped with virtual orbitals from the HF 

determinant. The configurational functions in a CI calculations are designated as singly excited, 

doubly excited, triply excited,……, according to whether 1, 2, 3,… electrons are excited from 
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occupied to virtual orbitals. Subscripts S, D, T, etc., indicate determinants that are Singly, 

Doubly, and Triply etc., excited relative to HF configuration. This is used to limit the number of 

determinants in the expansion which is called the CI-space. The CI eigenvalues are the energies 

of the ground and some electronically excited states. Hence, the excitation energies between 

the ground state and other excited state functions can be obtained. 

A CI calculation that includes all possible configuration functions with proper symmetry is 

called a full CI (FCI) expansion. FCI exactly solves the electronic Schrödinger equation within the 

space spanned by the one-particle basis set. In FCI, the number of Slater determinants increase 

very rapidly with the number of electrons and orbitals. This illustrates the intractability of FCI 

for the smallest electronic systems. For a molecule with n electrons and with spin quantum 

number S = 0, the number of CSFs in a full CI calculation will be 𝑏! (𝑏 + 1)! (
1

2
𝑛) !⁄ (

1

2
𝑛 +

1) ! (𝑏 −
1

2
𝑛) ! (𝑏 −

1

2
𝑛 + 1) ! where b is the number of one-electron basis function.  

To avoid difficulties in full CI the truncated form is used, which would save computational 

cost significantly. The widely-employed CI singles and doubles (CISD) wavefunction includes 

only those N electron basis functions which represent single or double excitations relative to 

the reference state. Since the Hamiltonian operator includes only one- and two-electron terms, 

only singly and doubly excited configurations can interact directly with the reference, and they 

typically account for about 95% of the correlation energy in small molecules at their equilibrium 

geometries. 

2.2.4 Many-Body Perturbation Theory 
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The CI is a systematic development beyond HF approximation, which is based on variational 

principle (i.e., it gives an upper bound to the exact energy). But the disadvantage of a limited CI 

is that it lacks size consistency where all possible excitations are not taken into account to the 

trial function. An alternative approximation used for finding the correlation energy is based on 

perturbation theory. In this approach, the total Hamiltonian of the system is divided into two 

parts: a zeroth-order simpler Hamiltonian 𝐻0, with known eigenfunctions and eigenvalues and 

a small perturbation 𝜆𝑉 added to the former to get the total Hamiltonian:  

𝐻 = 𝐻0 + 𝜆𝑉                                                                                        (2.15) 

The wavefunction and exact energy are then expanded as a power series of 𝜆.  

𝛹𝜆 = 𝛹0 + 𝜆𝛹1 + 𝜆2𝛹2 +∙∙∙∙∙∙∙∙∙∙                                                        (2.16) 

𝐸λ = 𝐸0 + λ𝐸1 + λ2𝐸2 +∙∙∙∙∙∙∙∙∙∙                                                            (2.17) 

The Ψ0 and E0 are the HF wavefunction and energy respectively. The energy correction in 

perturbation theory (MPn) is obtained by truncating the expansion at order 𝜆𝑛; like 1st order 

(MP1), 2nd order (MP2), 3rd order (MP3) and so on. The MP1 energy is same as the HF energy. 

The MPn energy is size-consistent but not variational and the MP series may diverge for large 

orders. The accuracy of an MP4 calculation is roughly equivalent to the accuracy of a CISD 

calculation. MP5 and higher calculations are rarely done due to huge associated computational 

cost. There is also a local perturbation method (LMP2) by Saebø and Pulay that is less expensive 

and can speed up MP2 calculations for large molecules. 

2.3 Density Functional Theory (DFT) 
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In ab initio methods the wavefunction depends on 3N spatial coordinates and N spin variables, 

where N is total number of electrons. Thus for systems involving large number of atoms and 

electrons make the wave function based methods like HF theory too complicated. Hence an 

alternative approach, named Density Functional Theory (DFT), which is based on electron 

density  𝜌(𝑟) instead of wavefunction 𝛹(�⃗�1, �⃗�2, … . , �⃗�𝑁) has become popular. The density is a 

function of three variables and is more simpler to deal in terms of practical implementation. 

2.3.1 The Hohenberg-Kohn Theorems 

The seminal paper by Hohenberg and Kohn in 1964 provided the theoretical foundations for 

density-based theory. It shows that all ground-state properties of a system can be obtained 

from electron density. Furthermore, the electron density (E0), which is a function of Cartesian 

coordinates, minimizes the total ground-state energy, which is again a functional of the density 

itself (i.e. a function of a function). In this landmark contribution the authors stated the 

following two theorems: 

In the first theorem they have proved that the ground-state density uniquely determines the 

potential 𝑉𝑒𝑥𝑡(𝑟) in which the electron moves. Thus, the expectation value for the energy of the 

system can be written as:  

𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + 𝑉𝑛𝑒[𝜌]                                                                 (2.18) 

where 𝑇[𝜌] is electronic kinetic energy term, 𝑉𝑒𝑒[𝜌] and 𝑉𝑛𝑒[𝜌] are electron-electron repulsion 

and electron-nuclear attraction respectively. Now, if we separate the terms that are dependent 

on the external potential and those which are universal (independent on N, R, Z), we arrive at 
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𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + 𝑉𝑛𝑒[𝜌] = 𝐹𝐻𝐾[𝜌] + ∫ 𝜌𝑟 𝑉𝑛𝑒𝑑𝑟                      (2.19) 

𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌]                                                                                 (2.20) 

where the independent terms have been collected into a new quantity, the Hohenberg-Kohn 

functional, FHK[ρ]. 

Equation (2.20) entails that we can solve the Schrödinger equation exactly if we know 

FHK[ρ]. This functional is completely independent on the system and can be applied equally for 

any system. Herein, pursuit of the explicit expression for this unknown functional FHK[ρ] is a 

major challenge in DFT. 

The second theorem applies the variational principle in order to get the ground state 

density.  

𝐸0 ≤ 𝐸[�̃�] + 𝑉𝑒𝑒[�̃�] + 𝑉𝑛𝑒[�̃�]                                                                         (2.21) 

In this equation, �̃�(𝑟) represents a trial density that defines a trial external potential, a 

corresponding Hamiltonian and a trial wavefunction resulting to an energy that is higher than 

or equal to the true ground state energy. Thus, in order to obtain the exact energy of the 

system we need to find the electron density that minimizes the energy as: 

[
𝜕𝐸[𝜌]

𝜕𝜌
] = 0                                                                                                     (2.22) 

2.3.2 Exchange-Correlation Functionals 
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The form of exchange-correlation functional is often designed to have a certain limiting 

behavior (e.g. indicating the uniform electron gas limit), and fitting parameters to a known 

accurate data. A common approach in the design of these functionals consists in splitting into 

two parts: the exchange (EX) and the correlation parts (EC) 

𝐸𝑋𝐶[𝜌] = 𝐸𝑋[𝜌] + 𝐸𝐶[𝜌]                                                                         (2.23) 

These exchange and correlation parts are normally calculated separately by means of different 

approximations and then, are combined into the exchange-correlation functional. Based on 

these approximations, John P. Perdew presented by analogy with the biblical referent of Jacob’s 

ladder, his particular vision of which are the rungs to be climbed in the DFT for going from the 

Earth (i.e. the HF world) to Heaven (i.e. the chemical accuracy). 

2.4 Basis set 

Molecular orbitals are created using set of functions (called basis functions) which are 

combined in linear combinations (generally as part of a quantum chemical calculation). 

Obviously, complete basis would mean that an infinitive number of functions must be used, 

which is impossible in actual calculations. As consequence, finite set of basis functions are used. 

For convenience these functions are typically atomic orbitals centered at each atomic nucleus 

within the molecule. These atomic orbitals are well described with Slater-type orbitals (STOs), 

as STOs decay exponentially with distance from the nuclei, accurately describing the long-range 

overlap between atoms, and reach a maximum at zero, well describing the charge and spin at 

the nucleus. STOs are computationally difficult, for this reason they are approximated as linear 
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combinations of Gaussian orbitals instead. This leads to huge computational savings because it 

is easier to calculate overlap and other integrals with Gaussian basis functions. 

The most important factor is the number of functions to be used. Today, there are hundreds of 

basis sets composed of Gaussian-type orbitals (GTOs). The smallest of these are called minimal 

basis sets, and they are typically composed of the minimum number of basis functions required 

to represent all electrons on each atom.  

The minimum basis set is the one in which on each atom in the molecule a single basis function 

is used for each orbital. However, for atoms such as lithium, basis functions of p type are added 

to the basis functions corresponding to the 1s and 2s orbitals of the free atom. For example, 

each atom in the second period of the periodic system (Li - Ne) would have a basis set of five 

functions (two s functions and three p functions). 

The next improvement in the basis set is a doubling of all basis functions, producing a Double 

Zeta (DZ) type basis, or a tripling of them, Triple Zeta (TZ). 

Another common addition to minimal basis set is the addition of polarization functions, 

denoted by an asterisk,*. Two asterisks,**, indicate that polarization functions are also added 

to light atoms (hydrogen and helium). These are auxiliary functions with one additional node.  

Another common addition is the diffuse function, denoted by a plus sign +, or by "aug" (from 

"augmented"). Two plus signs indicate that diffuse functions are also added to light atoms 

(hydrogen and helium). These are very shallow Gaussian basis functions, which more accurately 

represent the "tail" portion of the atomic orbitals, which are distant from the atomic nuclei. 

These additional basis functions can be important when considering anions and other large, 

"soft" molecular systems like phosphate groups. 
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During most molecular bonding, it is the valence electrons which principally take part in the 

bonding. In recognition of this fact, it is common to represent valence orbitals by more than 

one basis function (each of which can in turn be composed of a fixed linear combination of 

primitive Gaussian functions). Basis sets in which there are multiple basis functions 

corresponding to each valence atomic orbital are called valence double, triple, quadruple-zeta, 

and so on, basis sets (zeta, ζ, was commonly used to represent the exponent of an STO basis 

function).  

The notation for the split-valence basis sets arising from the group of John Pople is typically X-

YZg. In this case, X represents the number of primitive Gaussians comprising each core atomic 

orbital basis function. The Y and Z indicate that the valence orbitals are composed of two basis 

functions each, the first one composed of a linear combination of Y primitive Gaussian 

functions, the other composed of a linear combination of Z primitive Gaussian functions.  

Other split-valence basis sets often have rather generic names such as: SVP, DZV, TZV,  TZVPP, 

QZVPP. 

In addition to localized basis sets, plane-wave basis sets can also be used in quantum-chemical 

simulations. Typically, a finite number of plane-wave functions are used, below a specific cutoff 

energy which is chosen for a certain calculation. These basis sets are popular in calculations 

involving periodic boundary conditions. In practice, plane-wave basis sets are often used in 

combination with an 'effective core potential' or pseudopotential, so that the plane waves are 

only used to describe the valence charge density. This is because core electrons tend to be 

concentrated very close to the atomic nuclei, resulting in large wave-function and density 

gradients near the nuclei which are not easily described by a plane-wave basis set unless a very 
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high energy cutoff, and therefore small wavelength, is used. This combined method of a plane-

wave basis set with a core pseudopotential is often abbreviated as a PSPW calculation. 

 

2.5 Solvation Model 

 

One of the most common thermodynamic properties used to compute for further comparison 

with experimental value is the Gibbs free energy in solution (Gsol). Interaction between the 

solvent and solute impacts the general chemistry of the molecule under investigation. Such 

interactions are significant to alter energy, stability, and molecular orientations. Thus, we need 

a way to model the chemistry of these molecules in a solvent like environment while studying 

the chemical reactions. This can be accomplished using explicit presence of solvent molecules in 

the system, incurring a huge computational cost in calculating the interaction energies. 

Alternatively, another preferred route for evaluating solvent effects is obtained by treating the 

solvent as a continuous medium that acts upon the solute, known as implicit solvation model. 

The most widely used implicit model is Self-Consistent Reaction Field (SCRF), which considers 

the solvent as a uniform polarizable medium with a dielectric constant ε. In SCRF method, the 

electric charge of the solute polarizes the medium to get electrostatic stabilization. This process 

is repeated iteratively until the mutual polarization between the solute and solvent achieves 

self-consistency. The expression of solvation free energy is: 

ΔGsol = ΔGelec + ΔGdisp + ΔGrep + ΔGcav    2.24 

The ΔGelec accounts for the electrostatic interactions between the solute and solvent. The ΔGdisp 

and ΔGrep represent the dispersive interaction and repulsive interaction between solvent and 
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solute respectively. The last term ΔGcav is the energy needed to generate the cavity for placing 

the solute. Depending on various features e.g. shape and size of the cavity, contribution from 

ΔGdisp term, charge distribution on solute, description of dielectric constant etc. several SCRF 

model have been developed. The most popular used models are polarizable continuum model 

(PCM) or integral equation formalism model (IEF-PCM) and solvent model based on density 

(SMD). Generally, CPCM method is used in all our calculations reported in this thesis. 

The PCM model, one of the most popular SCRF methods, was originally developed by 

Tomasi et al. based on the numerical integration of charge density of solute. One of the two 

characteristics is the solvent treated as a structureless continuum and interacts with solute by 

polarizable dielectric and hence, sometimes called as dielectric PCM (DPCM). It uses the 

molecular cavity depending on the real geometry which is investigated. In general the van der 

Waals radii of all atoms are included to form the cavity. However, there are no universal radii of 

the spherical cavity to define. The atomic radii can be customized in different quantum codes 

e.g. UFF uses the radii from the universal force field for hydrogen atom and UA0 employ the 

“United Atom Topological” model applied for heavy atoms of the UFF. Therefore, the PCM 

model is versatile in terms of its applicability to the system of any size and charge. It is more 

useful to those systems where short-range interactions are important.  

The SMD model is a very modern technique to calculate the free energy of solvation using 

electron density of the solute without determining the partial charge. It is called universal 

method in the sense of its applicability to any charged or neutral species. This method 

separates the solvation free energy into two main components: electrostatic arising from SCRF 

treatment and other includes dispersion, repulsion and cavitation terms. This method provides 
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the best choice to calculate ΔGsol values for a molecule transferring from gas-phase to solvent, 

since it actually calculate the energy of cavitation and dispersion-repulsion energy. 

The implicit solvation model of course, is a rough approximation, but normally provides 

reasonably appreciated results. Whereas, this approximation is not appropriate for association 

and dissociation processes because in gas phase, the translational and rotational contributions 

to the entropy are overestimated. The reason of such overestimation is the fact that, the 

solutes are surrounded by the solvent molecules and consequently, their free movement is 

arrested unlike in gas phase. Therefore, the computation of dissociation of one molecule into 

two or more species, results to be more favorable than actual scenario. On the contrary, 

following the same artifact the associative processes turn out to be less favorable. On this 

regard, several alternative approaches have been proposed in the last few decades. For 

instance, some authors have suggested only to consider the vibrational contribution to the 

entropy, but the result underestimates the entropy. Another approximation proposed by 

Ziegler et al. based on Wertz model, which requires the knowledge of reference quantities that 

may not be readily available. On the other hand, Martin et al. have suggested that the 

computation of the Gibbs free energies at high pressure: p = ρwRT, to estimate the contribution 

of energy due to solvation. Where p denotes pressure, ρ is density, w is molecular weight, R 

and T are gas constant and absolute temperature respectively. This is also a rough 

approximation because it involves the modification of the standard state (T = 298.15 K, and p = 

1 atm) considering the movement of molecules over fixed solvent medium. 

2.6 Programs Used  



51 
 

Gaussian 

In this thesis the Gaussian suite program has been used has the primary tool to locate 

structures along reaction pathways. Gaussian is a computer program initially released in 1970 

by John Pople and his research group at Carnegie-Mellon University as Gaussian 70. It has been 

continuously updated since then. 

The name originates from Pople's use of Gaussian orbitals to speed up calculations compared to 

those using Slater-type orbitals, a choice made to improve performance on the limited 

computing capacities of then current computer hardware. 

The current version of the program is Gaussian 09. Originally available through the Quantum 

Chemistry Program Exchange, it was later licensed out of Carnegie Mellon University, and since 

1987 has been developed and licensed by Gaussian, Inc. 

Turbomole  

The Turbomole program has been used in this work thesis to perform a detailed energy analysis 

on a much faster RI-MP2 method, which is well accepted for the calculation of base pair 

interaction energy calculations.  

 CP2K 

In this thesis the CP2K suite program have been used for DFT-MD simulations as discussed in 

Chapter 7. CP2K is a freely available (GPL) program, written in Fortran 95/2003, to perform 

atomistic and molecular simulations of solid state, liquid, molecular and biological systems. It 

gives to the user the possibility to choose through a variety of molecular simulation methods at 

different levels of accuracy using ab-initio DFT, also allowing to carry out semi-empirical NDDO 

approximation calculations, Minimum Energy Path techniques, biased methods like 
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Metadynamics and so on. In particular, among the several methods available to perform the 

AIMD studies presented in this work the Quickstep one has been chosen. With this module, 

CP2K provides a way to perform accurate and effcient DFT calculations on large, complex 

systems such as e.g. liquids, crystals, proteins and interfaces. Quickstep is based on the 

Gaussian and plane-waves method (GPW) and its augmented extension (GAPW). As explained 

above, central in this approach is a dual basis of atom centred Gaussian orbitals and plane-

waves (regular grids). The former is used to represent the wave functions and the Kohn Sham 

matrix, whereas the latter is used to represent the electronic density. The key advantages are a 

compact representation of the wave function, only relatively few basis functions per atom are 

needed as compared to plane-wave representations.  

 

2.7 Computational recipe 

DFT calculations: Geometry Optimization and Energy Calculatons 

For most of the work on natural and modified base pairing studies, discussed in chapted 3-5 the 

geometry optimizations of the H-bonded base pairs were performed utilizing a DFT approach, 

based on the hybrid B3LYP functional as implemented in the Gaussian09 package.(27-29) The 

correlation-consistent polarized valence cc-pVTZ basis set(30) was used for all the geometry 

optimizations in gas phase as well as in water, modeled with the C-PCM continuum solvation 

model.(31) Since dispersion interactions might contribute differently to the stability of the base 

pairs under study, we explicitly added Grimme’s D3 correction term to the electronic energy 

also geometry optimization.(32) Interaction energies were calculated at the second order 

Møller-Plesset (MP2)(26) level of theory, on the B3LYP-D3/cc-pVTZ optimized geometries, using 
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the augmented aug-cc-pVTZ basis set. For these calculations we took advantage of the 

RIMP2(33) method as implemented in Turbomole 6.1 package, with water modeled with the 

continuum solvation model COSMO.(31) All the interaction energies were corrected for the 

basis set super position error (BSSE),(34) using the standard counterpoise procedure.(34) Thus, 

the binding energy EBind is calculated as in Eq. 2.25:  

EBind = EComplex – (EM1 + EM2),    2.25  

where EComplex is the electronic energy of the optimized M1:M2 base pair, EM1 and EM2 are the 

electronic energies of the optimized M1 and M2 bases. In addition, the basis set superposition 

error (BSSE) is removed from EBind using the counterpoise correction method proposed by Boys 

and Bernardi.(34) EBind of Eq. 25 can be reweitten as: 

EBind = EInt + EDef ,   2.26 

Where EDef is the deformation energy, corresponding to deform the isolated bases to the 

geometries they will assume in the complex, and EInt is the interaction energy between these 

deformed geometries in the final complex.   

This is a rather standard approach used in this kind of calculations.(35-41)  In the present study, 

we also derived the interaction energies in water, which were calculated using the same recipe 

as suggested by Sponer and coworkers.(35,42) 
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2.8 An overview of QM Calculations of Nucleic Acids 
 
During the past decades, we have witnessed a surge in the computational studies of nucleic 

acids, due to the development of computer hardware and methodological development. 

Looking at the first modern electronic structure QM calculations of basic interactions (Stacking 

and H-bonding between nucleobases) in nucleic acids were published around 1995.(18-21) 

These calculations included for the first time a correlation energy of electrons and achieved a 

semiquantitative accuracy. All basic conclusions of these studies, such as clarification of the 

nature of base stacking, revelation of the intrinsic non-planarity of exo-cyclic amino groups of 

nucleic acid bases, etc. remain entirely valid until this period of time. Later QM calculations 

achieved quantitative accuracy and serve as benchmarks, i.e. accurate structure/energy data 

about the studied systems, which are used in a similar manner as experimental data. QM 

calculations fill the gap in experimental methods, as contemporary physical chemistry lacks 

appropriate tools to measure intrinsic energies of base pairing, base stacking or different 

backbone rotameric states. Considering the computational costs of different methids used, 

even though Full configuration Interaction (FCI) provides with the exact solution of the non-

relativistic Schrödinger equation for a given one-electron basis set, it is so computationally 

expensive, that it cannot be used even for the smallest nucleic acids building blocks. However, 

many affordable techniques that include large amounts of the correlation energy at a 

reasonable computational cost exist. The most widely used methods are the MP2 and CCSD(T) 

wave function theory (WFT)-based methods. CCSD(T) is considered to be the reference method, 

of quantum chemistry when applied with a large basis set of atomic orbitals. It is to be 

reamarked that due to huge computer demands the CCSD(T) method could only be used for 
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small systems, and are applicable only to the nucleic acid base pairs. In contrast, MP2 is much 

less expensive but is not fully balanced for intermolecular forces. Nevertheless, the MP2 

method is a choice for most of the H-bonded systems. This problem can be, however, partially 

eliminated by spin-component scaling. During the last two decades, the density functional 

theory became widespread in chemistry and most of the recent progress in developing modern 

QM methods has been achieved in this area. DFT is usually faster than WFT-based methods and 

can be of comparable accuracy. More than one hundred of various DFT functionals have 

already been developed. Traditional functionals like BLYP, B3LYP, PBE1PBE, etc. provide rather 

good estimations of molecular geometries and chemical reactions, but they fail in description of 

non-covalent interactions. For a long time, the main drawback of the DFT approach was its 

inability to include the London dispersion energy. This invalidated DFT calculations for stacking, 

compromised quality of base pairing computations, and introduced artifacts in calculations of 

backbone conformers, where intramolecular dispersion effects are important. This problem has 

been overcomed by adding well-calibrated empirical dispersion terms to the DFT functionals 

(marked by suffix –D). The DFT-D methods are parameterized using benchmark WFT-based 

data. DFT methods bring major speed up of QM computations and we expect to soon routinely 

see QM studies including hundreds of atoms with intrinsic accuracy not far from the CCSD(T) 

method. It should be noted that recent years witnessed development of many other DFT 

functionals optimized or at least improved for non-covalent interactions, which do not use the 

empirical dispersion term. For example, family of M06 functionals (M06, M06-2X, M06-L, M06-

HF), optB88-vdW, and EE+vdW functionals accounting for dispersion forces provide promising 

results. Still, practical results indicate that presently well calibrated DFT-D, especially some 
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latest improved variants such as DFT-D3, and DFT-D3BJ.  Finally, In addition to the H-bonded 

base pairs and stacked complexes, as studied by various groups around world, along with the 

results discussed in Chapter 3-6, quantum mechanical studies have recently been applied to the 

ligand sending RNA molecules in different riboswitches. For instance, as described in the 

chapter 3 of this thesis, quantum mechanical calculations for the optimized geometry of the 

hydrogen bonded network for the preQ1 riboswitch ligand binding site are consistent with 

crystallographic studies and suggest that water may alter the ligand binding energy 

significantly. Next, as described in Chapter 7, we also investigated the F-riboswitch recognition 

site using the advanced QM methods.  
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Chapter 3 

Impact of environment on the structure and stability of the Reverse Watson-

Crick Guanine-Cytosine base pair in functional RNA structures 

3.1 Introduction 

RNA molecules fold giving rise to complex structures that exhibit evolutionary conserved 

architectures. These rely on a variety of stabilizing strategies, with base stacking interactions 

and base-base, base-backbone and backbone-backbone H-bonding interactions as the most 

important stabilizing force. As well-known and explained in the Introduction section, besides 

the canonical Watson-Crick base-pairs, RNA bases can give several ‘non-canonical’ H-bonding 

interactions, by either utilizing the Watson-Crick edge in a reversed way or involving their 

‘Sugar’ or ‘Hoogsteen’ edges. These non-canonical interactions offer a structural flexibility to 

folding strategies, and it is maybe not by chance that they are often included in higher order 

structural motifs, such as H-bonded base triplets and quartets. Furthermore, other factors, such 

as structured water molecules, metal ions, post-transcriptional modifications or protonation of 

a nucleobase, can affect the geometry and stability of specific motifs in RNA molecules (43-53).  

This variety of structural solutions spurred a large amount of experimental and theoretical 

studies devoted to characterize energetically and geometrically each of these interactions, with 

the general idea that they can be considered as building blocks contributing to the overall 

structure and stability of the nucleic acids. Among theoretical methods, quantum mechanics 

(QM) based approaches revealed fundamental in the accurate characterization of small 

structural units, such as simple H-bonded base pairs, which are otherwise very difficult to 
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characterize experimentally. This approach has been possible because, in the large majority of 

the cases, the gas phase optimization of isolated pairs results in a geometry that is consistent 

with the experimental one, reflecting the intrinsic stability of the base pairing interaction and 

allowing to use these methods to quantify the energetics of the interaction (44,49,54-61). On 

this basis, when a large discrepancy occurs between the calculated geometry of a base pair and 

the geometry of the same base pair in experimental structures has been taken as an indication 

that other effects contribute to the stability of the specific base pair geometry in the 

experimental structure.  

 

 

Figure 3.1 The G:C W:W trans pair with a schematic representation of clamping interactions 

provided by surrounding moieties.  
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In this context, it has previously been shown that the base pairing motif G:C W:W trans (or 

Reverse Watson-Crick, RWC), is known to mediate the interaction between the D-loop and the 

V-arm in tRNA structures, and seems not to be intrinsically stable (62). Instead of a G:C W:W 

trans, the gas-phase optimized G15–C48 geometry is a bifurcated one, involving the central 

section of the G Watson–Crick face and the C carbonyl group adjacent to the C1’, which is 

classifiable as a G–C Ww/Bs trans (according to the Leontis and Westhof nomenclature as 

extended by Lemieux and Major for bifurcated geometries, (63,64)). This bifurcated base pair is 

highly non-isosteric with the G:C W:W trans base pair, having a different orientation of the 

glycosidic bonds and a distance between the C1’ atoms of the two bases 1.6 Å shorter. We also 

found the occurrence of such a bifurcated geometry in experimental structures of different RNA 

molecules (45). These results are consistent with experiments indicating a reduced stability of 

the W:W trans geometry for the G:C pair. For example, it has been shown that the introduction 

of G:C W:W trans base pairs in all A-T parallel strand DNA duplexes, characterized by W:W trans 

base pairs (65,66), significantly reduces the duplex thermodynamic stability, both for base 

stacking and hydrogen bonding contributions (67,68).  

Nevertheless, despite of this instability, the G:C W:W trans base pair is found to be a recurrent 

base pairing motif not only in transfer but also in 23S ribosomal RNA structures. To complete 

this scenario, we note that a G:C W:W trans motif has been recently shown to contribute to the 

recognition of the metabolite preQ1 by the class II preQ1 riboswitch (69). The recurrence of a 

rather unstable structural motif is somewhat surprising. However, a previous study suggested 

that possible additional factors such as divalent metal ion binding to the N7 atom of Guanine or 



60 
 

or the archaeosine (7-formamidino-7-deazaguanosine) post-transcriptional modification could 

increase the structural stability of G:C RWC base pair in the context of tRNA structure. (45,47).  

Considering that the previous work indicated that the G:C W:W trans pair stability can be 

improved by metal binding or post-transcriptional modification, in the present work we decided 

to extend the analysis to search for other environmental factors that could increase its stability 

. For this, we started with a thorough search of the wwPDB (70), looking for occurrences of the 

G:C W:W trans pairs involved in H-bonding interactions with other bases, the ribose-phosphate 

backbone and water molecules. On the basis of this search, we show here that the G:C W:W 

trans pair possesses natural propensity to participate to more complex interaction patterns, like 

base triplets and quartets, taking advantage of H-bonds capability of its ‘Hoogsteen edges’ 

(through Guanine O6 and N7 and Cytosine N4, C5 and C6) and ‘Sugar edges’ (through Guanine 

O2’, N2 and N3 and Cytosine O2’ and O2) (see Figure 3.1). Then, a representative of each 

experimentally observed structural motif was subjected to high level quantum mechanics (QM) 

calculations, to investigate its geometry and stability. The QM approach adopted here has been 

thoroughly validated in the study of the structure and energetics of H-bonded bases in several 

nucleic acid systems (44,53-55,71-76). Finally, using this knowledge, we decompose the binding 

of the preQ1 metabolite by the L. rhamnosus class II preQ1 riboswitch (69). 

Based on this approach, combining structural bioinformatics and accurate QM calculations, we 

address the following fundamental questions: i) how many types of higher order structures (viz. 

triplet or quartets) involving G:C W:W trans base pair as a core motif are present in RNA 3D 

structures; ii) how the formation of higher order structures influences the geometric stability of 
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the G:C W:W trans pair; iii) what are the other environmental factors that provide H-bonding 

interactions that may affect the geometric stability of G:C W:W trans pairs in RNA structures.  

3.2 Database Analysis for the G:C Reverse Watson-Crick base pairs 

3.2.1 Nomenclature used in the present work. Leontis and Westhof proposed a nomenclature 

for H-bonded base pairs based on the three interacting edges, i.e. Watson-Crick, Hoogsteen or 

sugar, and the two mutual orientations of the glycosidic bonds, i.e cis or trans (64,77). Similarly, 

a more extended nomenclature has been recently proposed for triplet motifs (78). According to 

this nomenclature, after the one-letter nucleotide symbol, a small ‘c’ or ‘t’ is given, indicating 

that the orientation of the glycosidic bonds is cis or trans, respectively, followed by a capital 

‘W’, ‘H’ or ‘S’, to indicate that the ‘Watson-Crick’, ‘Hoogsteen’ or ‘Sugar’ edge is involved in the 

base-base H-bonding interaction. A small ‘r’ precedes the one-letter nucleotide symbol, in case 

the corresponding ribose is involved in H-bonding interactions. This is a standard nomenclature 

used in literature (44,51).  

3.2.2 Structural Analysis of higher order motif interactions involving G:C trans as core motif. 

The subset of PDB structures used in this work, updated to September 2012, is composed of the 

1487 X-ray structures containing RNA molecules solved at a resolution of 3.5 Å or better. These 

structures were analyzed using the BPview tool (79), to look for the G:C W:W trans base pairing 

geometry and its associated higher order H-bonded array motifs. False positives were excluded 

from the analysis by visual inspection. Geometries of the G:C trans pair different from the W:W 

trans were also assigned by visual inspection. An in house script was used to detect the 

interaction of the G:C trans base pair with water molecules and the phosphate backbone.  
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3.2.3 Model Building and QM calculations on G:C RWC base pair. The initial model of each of 

the structural motifs subject to QM calculations was built from selected examples from the PDB 

dataset. The PDB IDs and the corresponding nucleotide IDs used are given in Table 3.1. The 

ribose is not included, unless it participates in H-bonding interactions with the G:C bases, so 

that the models of the bases are normally truncated at the level of the C1’ atom of the ribose. 

In the cases where a ribose sugar is involved in H-bonding interaction, the ribose ring is 

included in the model and thus the nucleotides are terminated by replacing the –CH2-5’OH and 

the -3’OH groups with a methyl group, to mimic the phosphodiester linkage between 

consecutive nucleotides. This being the standard approach used in the literature (51,54,56,73). 

For the QM calculations, we have used the Gaussian09 package. A density functional theory, 

DFT, approach based on the hybrid B3LYP functional (80-82) and the cc-pVTZ basis set (83) was 

used for all geometry optimizations, both in the gas-phase and in water, modeled with the 

continuum polarizable model C-PCM (84,85). For the systems involving phosphate groups of the 

backbone interacting with base pairs, the cc-pVTZ basis set for the phosphate atoms was 

augmented by a diffuse polarization function. Interaction energies were calculated on the 

B3LYP/cc-pVTZ geometries at the 2nd order Møller-Plesset, MP2, level of theory (86) using the 

cc-pVTZ basis sets (83). All interaction energies were corrected for basis set superimposition 

error, BSSE, using the counterpoise procedure (87). 

Since the aim of this work is to understand the stabilization of the G:C W:W trans geometry by 

interaction with other surrounding bases, water, or sugar, we focus on the interaction energy 

between the G:C W:W trans base pair and the surrounding. For reasons that will become clear 
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in the following, we define this interaction energy as “clamping energy”, Eclamp, calculated as in 

Eq. 1: 

                                    Eclamp = Ecomplex –(EGC + ESE) +BSSE; (1) 

where Ecomplex is the electronic energy of the whole system, EGC and ESE are the electronic 

energies of the isolated geometry of the G:C W:W trans base pair and of the surrounding 

environment residues, respectively, frozen to the geometry they have in the optimized 

complex, and BSSE is the basis set superimposition error. This is a standard approach used in 

this kind of calculations (49,88-91). In addition, we calculated the interaction energy between 

the G and C base pairs in the geometry they have in each optimized complex. This interaction 

energy, EGC, is calculated as in Eq. 2: 

                                             EGC = EGC –(EG + EC) +BSSE;  (2) 

Where, EGC is the energy of the G:C base pair in the geometry it has in the optimized complex, 

while EG and EC are the energy of the isolated and optimized G and C bases, and BSSE is again 

the basis set superimposition error.  

3.3 RESULTS 

3.3.1 Identification of motifs involving G:C W:W trans base pairs in RNA 3D structures.  

Using the BPview tool, a search across the 1487 selected X-ray crystal structures containing 

RNA molecules was carried out to record all possible higher order motifs such as triplets and 

quartets that may possibly involve a G:C trans base pair, see Table 3.1. In total, we detected 

1780 instances of G:C pairs classified as trans by the BPview program. However, after further 

geometrical checking 667 entries were found to be false positives (i.e. they do not present the 
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H-bond pattern of a W:W trans or a W:W Ww/Bs geometry) . Of the remaining 1113 instances, 

738 are involved in additional H-bonding interactions as those described below. This simple 

analysis indicates that roughly 2/3 of the G:C trans entries in the wwPDB are engaged in 

additional H-bonding interactions, highlighting their relevance.  

More specifically our analysis indicated the occurrence of 4 distinct triplet motifs, where the 

third residue interacts with both the guanine and cytosine residues of the G:C trans pair (no 

instances were found where the third base is H-bonded to only one of the bases of the G:C 

pair), and 3 quartet motifs, where one of the additional bases interacts with the guanine, 

whereas the other one interacts with the cytosine. Further, we found a series of instances 

where the G:C pair is interacting with structured water molecules, the ribose or the phosphate 

of the RNA backbone, see Table 3.1. A schematic representation of the various motifs is shown 

in Figure 3.2, while the frequency of occurrence is reported in Table 3.1 together with the 

specification of the representative structure used in the QM calculations.  

 

 

 

 

 

Table 3.1 All computed interactions are reported with the corresponding PDB code and 

resolution, of the selected crystal structure. 
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Motif Occurrency Interaction PDB; Biomolecule 
Resolution 

(Å) 
X-ray G:C motif 

GCC  tWW/tSW 9 G15:C48:C20 1H3E; tRNATyr 2.90 W:W trans 

GCU tWW/Intermediate-

O4(U) 
10 G:515:C548:U520 1N78; tRNAGlu 2.10 W:W trans 

GCH2U(rG) tWW/tSW 1 
G15:C48:H2U20A:G2
0B 

1SER;tRNASer 2.90 W:W trans 

GrCrG tWW/cSS 74 G430:C234:G219 3uz2; 23S rRNA 2.80 W:W trans 

GGCU(i) tHS/tWW/tWW  17 
G1371:G1360:C2214: 

U2210 
1VS8; 23S rRNA 3.50 W:W trans 

GGCU(ii) tHS/tWW/tWW  5 
G1371:G1360:C2214: 

U2210 
3OAS; 23S rRNA 3.25 Ww/Bs trans 

GGCU(iii) tHS/tWW/tWW 8 
G1371:G1360:C2214: 

U2210 
2AW4; 23S rRNA 3.46 Ww/Bw trans 

GC tWW/wc  160 G15:C48:w95 3FOZ; tRNAPhe 2.50 W:W trans 

GC tWW/wa 82 G1873:C1856:w9333 1M1K; 23S rRNA 3.20 W:W trans 

GC tWW/wcwa 68 
G1683:C1377:w6593:

w3056 
3G6E; 23S rRNA 2.70 W:W trans 

GC tWW/OP1 269 
G2564:C2510:PO1 

2508 
1FFK; 23S rRNA 2.40 W:W trans 

GC tWW/OP1wc 34 
G2564:C2510:PO1(C2

508)w3705 
3CCL; 23S rRNA 2.90 W:W trans 

 

 

The first triplet is a CGC tWW/tSW motif, where an additional cytosine, utilizes its ‘Watson-

Crick’ edge to pair with the ‘Sugar’ edge of the guanine and the N4 atom of the cytosine in the 

G:C pair. We found 9 instances of this motif, all in tRNA molecules. The second triplet is a CGU 

tWW/Intermediate-O4(U) motif, where the O4 atom of the uracil is involved in H-bonds with 

both the cytosine and the guanosine of the G:C pair, thus mediating directly the interaction 

between the G:C W:W trans pair. We recorded 10 instances of this motif, all in tRNA molecules. 

The third triplet is a CGH2U(rG) tWW/tSW motif, where the 5,6-dihydro-U residue utilizes its 

‘Watson-Crick’ edge to pair with the ‘Sugar’ edge of the guanine. We could detect a single 

instance of this motif, in the crystal structure of the class II (i.e. long V arm) tRNASer from T. 
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thermophilus. All the three above triplets are involved in mediating the interaction between the 

D-loop and the V-arm in the tRNA molecules. (See Figure 3.2a) 

 

 

 

Figure 3.2 Examples of higher order motifs including the G:C W:W trans pair as a core motif, in 

the context of the secondary/tertiary structure of functional RNAs. a) The GCC tWW/tSW and 

GCU tWW/Intermediate-O4(U) triplets, mediating the interaction between the D-loop and the 

V-arm at the elbow of T. thermophilus tRNAs(Tyr/Glu); b) the GrCrG tWW/cSS triplet, 

connecting three different junctions of Domain I in T. thermophilus 23S rRNA; c) the GGCU(i) 
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tHS/tWW/tWW quartet, joining domains III and V in E. coli 23S rRNA; and d) the binding site of 

the preQ1 metabolite, in a three-way junction between the P2, P3 and P4 stems of L. 

rhamnosus class II preQ1 riboswitch.  

 

The fourth triplet is a GrCrG tWW/cSS motif, where an additional guanine utilizes its ‘Sugar 

edge’ to pair with the ‘Sugar edge’ of the cytosine in the G:C W:W trans pair. We observed 74 

instances for this triplet, 73 of them corresponding to the G430:C234:G219 motif in structures 

of the 23S rRNA from T. thermophilus. All the residues of this motif belong to domain I of 23S 

rRNA. Interestingly, G430 is located in junction 4/14, while C234 is in junction 12/13, and G219 

in junction 11/12. Thus, such interaction joins together different junction loops, aiding the 

folding of the ribosome. The remaining instance of this triplet corresponds to the 

G458:C224:G209 motif, again in the 23s rRNA from T. thermophilus structure (Figure 3.2b).  

The quartet motifs that we observed are all of the type: GGCU tHS/tWW/tWW. This motif is 

characterized by a core G:C W:W trans base pair, with the additional guanine H-bonding to the 

Hoogsten edge of the guanine in the trans pair, and the fourth base, an uracil, H-bonding to the 

amino group of the cytosine Watson-Crick edge. We recorded 30 instances of this motif, all in 

structures of 23s rRNA from E.coli, specifically as G1370:G1360:C2214:U2210. Interestingly, 

G1360 and G1370 are located in an internal loop of helix 52 in the 23S Domain III, whereas 

C2214 and U2410 are located in a hairpin loop of helix 79 in Domain V (Figure 3.2c). Thus, this is 

again a tertiary interaction joining distant regions of the molecule. Visual inspection revealed 
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that the G:C trans base within this quartet motif can assume three different conformations 

while maintaining similar interactions with the additional bases, see below.  

In addition to triplet and quartet interactions, we detected a total of 310 instances where a 

structured water molecule is present nearly coplanar and within H-bond distance of freely 

accessible carbonyl and/or amino atoms of the G:C W:W trans pair. This was observed in the 

context of tRNA molecules, as well as of E. coli and T. thermophilus 23S rRNA molecules. 

Moreover, we detected 269 instances where a phosphate oxygen atom is present nearly 

coplanar and within H-bond distance of accessible amino atoms of the G:C trans motif. Some of 

the interactions were found to be conserved, such as for instance the phosphate backbone of 

A750 in 23S rRNA from E.Coli that interacts with the G1271:C1615 base pair, where G1271 and 

C1615 are part of Junction 26/47 and Junction 49/51 in Domain III respectively, whereas A750 is 

present in the hairpin loop of helix 35 in Domain II. The oxygen of the phosphate backbone thus 

facilitates the interaction between Domain II and Domain III in 23S rRNA molecule. Another 

recurrent motif is found in 23S rRNA from T. thermophilus. It involves the interaction of the 

phosphate oxygen of U2473 with the G2529:C2475 base pair. C2475 and U2473 are located in 

the hairpin loop of helix 89 in Domain V, and G2529 in the Domain V helix 91 of the 23S rRNA 

molecule. Finally, we also detected 34 occurrences, in tRNAs and in E. coli and T. thermophilus 

23S rRNA molecules, where both a water molecule and a phosphate oxygen atom are within H-

bond distance from the carbonyl and amino atoms, respectively, of the G:C trans pair.  

A special case of higher order structure, involving a G:C W:W trans pair, is the binding of the 

preQ1 metabolite to the class II preQ1 riboswitch, whose new fold structure has been recently 
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solved (69). preQ1, which is the final metabolite during the biosynthesis of the hypermodified 

nucleotide queuosine, bears a charged amino group on the C7 atom of the 7-deazaguanine 

core. The preQ1 binding pocket in this riboswitch resides in a three-way junction between three 

stems, see Figure 3.2d. There, preQ1 engages in a G:C W:W trans pair with conserved base C30, 

located in the J2-3 loop. Three additional H-bonds are contributed by U41, interacting with its 

Watson-Crick edge with the Sugar edge of preQ1. Mutation of C30 to U and of U41 to C caused 

a loss in affinity by a factor 46 and 90, respectively (69). Due to the presence of a W:W trans 

motif, the binding of preQ1 to this riboswitch has also been included in our analysis. 

Concluding this part, it is clear that our analysis revealed a spectrum of different strategies that 

RNA molecules utilize to stabilize the G:C trans base pairing geometry and maintain their 

tertiary structure. To have a better understanding of the contribution of these strategies to the 

stability of the G:C W:W trans pair, we performed high level QM calculations on a selected 

representative for each experimentally observed structural motif. The starting structure was 

selected as that of the corresponding experimental motif in the structure at highest resolution. 

Table 3.1 summarizes the details about the investigated geometries and the reference 

structures in the wwPDB, while the interaction energy for both gas phase and solvent phase 

optimized geometries, computed as described in the Materials and Methods section, are given 

in Table 3.2. The gas phase and in water optimized geometries are shown in Figures 3.3 - 3.6.  

 

 

3.3.2. Results Obtained from Quantum mechanical calculations 
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GCC tWW/tSW triplet. In this triplet, the additional cytosine uses its ‘Watson-Crick’ edge to 

interact with both the ‘Sugar edge’ of the guanine and the exocyclic N4 of the cytosine of the 

G:C trans motif, giving the following H bonds: N4-H(C)…N3(G), N2-H(G)…N3(C), and N2-

H(C)…O2(C), see Figure 3.3a. The starting geometry for the computational studies is that 

observed in the tRNATyr structure from T. thermophilus (PDB ID: 1H3E). The optimized gas phase 

and in water geometries are quite similar to the experimental geometry, with no alteration of 

the X-ray observed H-bonding pattern and differences in most of the H-bond distances within 

0.10 Å, see Figure 3a. Larger deviation is found for the N1-H(G)…O2(C) H-bond of the G:C W:W 

trans motif, which is stretched by 0.33 Å and 0.23 Å in the gas phase and in the water optimized 

geometries, whereas the H-bond N4-H(C)….O2(C) is reduced by 0.47 Å  in both the gas phase 

and in water optimized geometries. Looking at the triplet geometry, the additional cytosine 

interacting with both bases of the G:C W:W trans motif appears to be acting as a “clamp” 

holding in place the G:C trans geometry. The strength of the clamping interaction between the 

G:C trans motif and the additional cytosine, Eclamp,  is -24.9 kcal/mol in the gas phase and -12.1 

kcal/mol in water, see Table 3.2, indicating that the cytosine is firmly bound to the G:C trans 

base pair. The interaction energy between the guanine and the cytosine in the G:C pair, EGC, is -

14.4 and -9.6 kcal/mol in the gas-phase and water, respectively, see Table 3.2. The clamping 

interaction is dominated by the Hartree-Fock component, which constitutes 73% of total 

interaction energy, indicating that the H-bonding interaction energy, consistently with 

literature, is mainly electrostatic in nature.  
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Figure 3.3 Gas phase optimized geometries of triplet motifs. H-bond distances between heavy 

atoms are reported in Å. Out of parentheses are the values in X-ray structure, in parentheses 

are the gas phase optimized structures, in square brackets values for the in water optimized 

geometries. The C1’ ribose atom is also labeled. 
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Table 3.2 Clamping energy, Eclamp, and G:C interaction energy, EGC, in kcal/mol, for the 

representative of the systems reported in Table 3.1. 

Motif 
Eclamp

 

(Gas) 
Eclamp 

(water) 
EGC

 

(Gas) 
EGC 

(water) 

GCC  tWW/tSW -24.88 -12.10 -14.41 -9.61 

GCU tWW/Intermediate-O4(U) -23.78 -11.58 -13.82 -9.50 

GCH2U(rG) tWW/tSW -20.89 -13.30 -13.80 -9.60 

GrCrG tWW/cSS -33.29 -16.84 -14.40 -9.30 

GGCU(i) tHS/tWW/tWW  -21.08 -9.02 -14.70 -9.60 

GGCU(ii) tHS/tWW/tWW  -20.18 -10.09 -18.33 -9.80 

GGCU(iii) tHS/tWW/tWW -23.45 -10.15 -14.90 -9.80 

GC tWW/wc  -10.05 -5.21 -14.70 -9.60 

GC tWW/wa -12.35 -5.11 -14.60 -9.50 

GC tWW/wcwa -21.62 -9.64 -14.90 -7.31 

GC tWW/OP1 -37.72 -9.62 -13.60 -9.32 

GC tWW/OP1wc -48.67 -15.44 -13.81 -9.23 

 

 

GCU tWW/Intermediate O4(U) triplet. The crystal structure of tRNAGlu from T. thermophilus 

was taken as a reference system for this motif (PDB ID: 1N78). The crystal geometry exhibits a 

H-bond between O4(U) and the exocyclic amino groups N4(C) and N2(G) of the G:C trans base 

pair. In addition, analysis of the PDB structure revealed the presence of a structured water 

involved in H-bonds with N3(U) and N3(G), and thus this water molecule was included in the 

calculations. The optimized structures are quite close to the experimental geometry. The larger 

deviations involve the N4-H(C)….O4(U), N2-H(G)….O4(C) and O-H(w)…N3(G) H-bond distances, 

which are elongated by 0.26/0.32/0.28 Å in the gas phase and by 0.31/0.20/0.34 Å in water, see 
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Figure 3.3b. The explicit water molecule retains its structural role, by bridging the U20 and G15 

residues. The structural role of this water molecule was confirmed by a gas-phase optimization 

of the triplet while excluding the water molecule, which resulted in a severely distorted non-

coplanar geometry with formation of an artificial contact between N3(U) and N3(G). Thus, it 

seems that U20 and the water molecule act together as a clamp, aiding the geometric stability 

of G:C trans base pair motif. The computed water+U….G:C clamping interaction energy Eclamp is -

23.8 and -11.6 kcal/mol in the gas phase and in water, respectively, while the G:C interaction 

energy is -13.8 and -9.5 kcal/mol in the gas phase and in water. Finally, the interaction energy 

between the water molecule and the triplet is -17.8 and -9.1 kcal/mol in the gas phase and in 

water, which indicates that the water molecule is firmly held in place. 

 

CGH2U(rG) tWW/tSW Motif. This motif is only observed in the crystal structure of tRNASer from 

T. thermophilus, that was thus used as reference (PDB ID: 1SER). It involves a 5,6-dihydro-U 

residue, resulting from the post transcriptional modification of uracil, which interacts using its 

‘Watson-Crick’ edge with the ‘sugar edge’ of the Guanine in the G:C W:W trans base pair, giving 

the following H-bonds: N3-H(H2U)…N3(G) and N2(G)-H…O2(H2U). Gas phase optimization of 

the triplet motif leads to the conformational collapse of the G:C base pair into the bifurcated 

Ww/Bs trans geometry. Careful examination of the crystal structure revealed the presence of 

the ribose atom O4’(G20B) within H-bonding distance (3.47 Å) from N4(C48). Thus, ribose of 

G20B residue was also included in the simulations. Since H2U20A and the ribose of G20B are 

not covalently bonded in the model used for the QM calculations, their heavy atoms were 
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frozen to the crystallographic position to preventing unrealistic conformational rearrangements 

of these groups. 

Inclusion of the G20B ribose in the model resulted in the optimized geometries of the G:C pair 

well reproducing the experimental structure, with deviations in the H-bond distances smaller 

than 0.30 Å, see Figure 3.3c . This indicates that 5,6-di-hydro-U and the G20B ribose are acting 

in a concerted manner as a clamp that stabilizes the G:C trans geometry. The gas phase and in 

water strength of the Eclamp between H2U plus the G20 ribose and the G:C pair are -20.9 and -

13.3 kcal/mol, respectively, while the G:C base pair energy is -13.8 and -9.6 kcal/mol in gas 

phase and in water respectively. To gain insight into the possible effect of the chemical 

modification of H2U on the geometry and stability of the G:C pair, we also examined the 

GCUr(G) geometry in the gas-phase by replacing H2U with the unmodified U residue. Inclusion 

of the unmodified residue has negligible effect on the H-bond distances, with differences less 

than 0.20 Å relative to the optimized geometry of the structure including the H2U residue, and 

with a Eclamp only -0.7 kcal/mol larger. This similar stabilizing behavior can be understood in 

terms of the involvement of the ‘Watson-Crick’ edge of the U base in the pairing interaction, 

where the H-bonding network is similar for the U and 5,6-di-hydro-U residues.  

GrCrG tWW/cSS Motif. The instance selected as reference for this motif is G430:C234:G219 

from 23S rRNA of T. thermophilus. In it, the G219 uses its amino group to interact with the O2 

atom of C234 and with the O6 atom of G430, giving the following H-bonds: N2-

H(G219)…O2(C234) and N2-H(G219)…O6(G430). In addition to that, it interacts with its ‘Sugar 

edge’ with the ribose of C234, giving the O2’-H(C234)…N3(G219) H-bond, while its ribose H-
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bonds to the C234 ribose, O2’-H(G219)…O2’(C234). Gas-phase optimization of this motif 

without inclusion of the G219 and C234 ribose moieties resulted in a geometry inconsistent 

with the experimental structure, with the G:C pair reaching a Ww/Bs geometry. Inclusion of 

both the above ribose moieties resulted in a geometry similar to the crystallographic one, with 

the H-bonding pattern deviation of no more than 0.30 Å from the experimental values, see 

Figure 3d. The Eclamp of G219 with the G430:C214 W:W trans pair was estimated to be as high as 

-33.3 and -16.8 kcal/mol in the gas phase and in water, respectively. This high interaction 

energy can be explaining by considering that G219 is involved in four H-bonds with the G:C 

W:W trans pair. Finally, the interaction energy between G and C bases of the G:C pair is -14.4 

and -9.3 kcal/mol in the gas phase and in water, respectively. 

GGCU tHS/tWW/tWW Motif. In this quartet, the additional guanine uses its N2 atom to give 

N2(G)-H…N7(G) and N2(G)-H…O6(G) H-bonds with the ‘Hoogsteen edge’ of the guanine in the 

G:C trans pair, while U utilizes its O4 atom to form N4-H(C)…O4(U) H-bond with the cytosine.  

However, after visual inspection of all these motifs in the available dataset, it turned out that 

three different conformations of the G:C trans base pair exist, with a similar surrounding 

interaction pattern within the GGCU motif.  The first conformation is the classical G:C W:W 

trans geometry and we found 17 occurrence of it, see Table 3.1. The second conformation is 

the bifurcated Ww/Bs trans geometry that we already discussed, and we found 5 occurrences 

of this geometry. The third conformation is again a bifurcated one, but in it, instead of the 

O2(C), it is N3(C) that is involved in the bifurcated H-bonds with N1- and N2-H(G). It can be 

classified as G:C Ww/Bw trans geometry. We observed 8 occurrences of this third 

conformation. To understand the role of the quartet formation on the stability of the G:C trans 
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pair, we optimized a representative of all the three conformations (G1360:C2214:G1371:U2210 

from 23S rRNA of E. coli, PDB ID: 1VS8, 3OAS, 2AW4, respectively), by freezing the coordinates 

of the heavy atoms of the additional G and U residues to prevent rearrangements unfeasible in 

the 23S environment.  
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Figure 3.4 Gas phase optimized geometries of quartet motifs. H-bond distances between heavy 

atoms are reported in Å. Out of parentheses are the values in X-ray structure, in parentheses 

are the gas phase optimized structures, in square brackets values for the in water optimized 

geometries. The C1’ ribose atom is also labeled. 

 

For the first representative conformation considered, with a G:C W:W trans geometry, the gas 

phase and in water geometry optimizations resulted in a geometry similar to the experimental 

one, with differences in the H-bond distances within 0.20 Å, see Figure 3.4a. The gas phase and 

in water Eclamp, -21.1 and -9.0 kcal/mol, is quite high, and the geometry is consistent that of 

experimental with the formation of N2-H(G)…N7(G), N2-H(G)…O6(G) and N4-H(C)…O4(U) H-

bonds between the G:C pair and the other bases. The interaction energy of the G:C pair instead 

amounts to –14.7 and –9.6 kcal/mol in the gas-phase and in water. For the second 

conformation, with a G:C Ww/Bs trans geometry, the gas phase optimized geometry is similar 

to the experimental one in the H-bonding pattern, although there is a quite severe shortening 

of the N1-H(G)…O2(C), and N4-H(C)…O4(U) H-bonds by 0.48 Å and 0.35 Å, respectively, see 

Figure 4b. In contrast, the in water optimization resulted in a rearrangement from the 

bifurcated G:C Ww/Bs trans geometry to the G:C W:W trans one. This is followed by the 

formation of an additional weak H-bond, C5(C)-H…O4(U). Also in this case the gas phase and in 

water Eclamp is quite high, -20.18 and -10.09 kcal/mol. The interaction energy of the G:C pair 

instead amounts to –18.3 and –9.8 kcal/mol in the gas-phase and in water. Finally, for the third 

conformation, both the gas phase and in water optimizations resulted in a shift from the 
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bifurcated G:C Ww/Bw trans geometry to the G:C W:W trans geometry, with the additional 

formation of a H-bond between C5-H(C) and O4(U) atoms, see Figure 3.4c. Interestingly, test 

calculations in which only one base between G1360 and U2210 was included in the geometry 

optimization resulted in the starting C2214:G1371 W:W trans geometry to collapse into the the 

bifurcated W:W Ww/Bs geometry, highlighting the concerted role played by G1360 and U2210, 

which basically tether C2214 and G1371 to the W:W trans geometry. 

The Eclamp in the case of 2AW4, -23.4 and -10.2 kcal/mol in the gas-phase and in water, is the 

strongest among the three GGCU quartets. Comparison of the crystallographic structure of the 

three conformations indicates that the N2(G1371)-O4(U2410) distance is 11.5 Å in 1VOS, 12.7 Å 

in 3OAS, and 11.9 Å in 2AW4, while the angle between the C2(G1371)-N2(G1371) and 

O4(U2410)-C4(U2410) bonds is 94.3°, 88.6° and 89.6° in the three conformations. This 

highlights the impact that limited variations in the relative disposition of the two bases acting as 

a clamp can have on the preferred structure and the energetics of the central G:C base pair. 

Impact of ordered surrounding water molecules. From the crystal structure database analysis, 

we found 160 instances where a single water molecule is present nearly coplanar and within H-

bond distance from the carbonyl groups of the G:C trans pair, specifically from the O6(G) and 

O2(C) atoms, see Table 3.1. We will call them in the following: GC tWW/wc (where ‘wc’ stays 

for water to carbonyl). Furthermore, we found 82 occurrences of a water molecule nearly 

coplanar and within H-bond distance from the amino groups of the G:C trans pair, specifically 

from N2(G) and N4(C). We will call them in the following: GC tWW/wa (where ‘wa’ stays for 

water to amino). Finally, we found 68 occurrences where two water molecules are 
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contemporarily observed within H-bond distance and nearly co-planar with both the accessible 

carbonyl and the amino groups of the G:C base pair. We will call them in the following: GC 

tWW/wcwa (where ‘wcwa’ stays for water to carbonyl plus water to amino). Thus, for the 

subsequent QM analysis, three model systems were prepared by extracting the coordinates 

from the highest resolutions crystal structures corresponding to the three systems, GC 

tWW/wc, GC tWW/wa and GC tWW/wcwa.  
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Figure 3.5 Gas phase optimized geometries of G:C W:W trans motif in the presence of water 

and phosphate backbone. H-bond distances between heavy atoms are reported in Å. Out of 

parentheses are the values in X-ray structure, in parentheses are the gas phase optimized 

structures, in square brackets values for the in water optimized geometries. The C1’ ribose 

atom is also labeled. 

 

GC tWW/wc  motif. In this motif, a water molecule is acting as a donor simultaneously for both 

the O6(G) and O2(C) atoms of the G:C trans geometry, see Figure 3.5a. The fully relaxed 

geometries obtained from both the gas phase and in water optimizations are consistent with 

that of the crystal structure geometry. However, as compared to experimental geometry, the 

O-H(w)…O2(C) H-bond is elongated by 0.51 Å and 0.36 Å, the O-H(w)…O6(G) H-bond is 

elongated by 0.20 Å and 0.17 Å, and the N2-H(G)…N3(C) H-bond is elongated by 0.29 Å and 0.15 

Å in gas phase and in water optimized geometries, respectively. Looking at the geometry, it is 

apparent that even a single water molecule is able to held in place the W:W trans geometry, 

mimicking the structural role played by higher order structure formation. The clamping 

interaction energy Eclamp is estimated to be -10.0 and -5.2 kcal/mol in gas phase and in water, 

respectively, while the interaction energy EGC between the G and C bases is -14.7 and -9.6 

kcal/mol in gas phase and in water, respectively. 

GC tWW/wa motif. In this motif, a water molecule is interacting with the amino groups of the 

G:C W:W trans pair, specifically with the N2(G) and N4(C) atoms, see Figure 3.5b. In contrast to 

the in water optimization, where the oxygen atom of the water molecule is acting as an 
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acceptor for both the accessible N2(G) and N4(C) donor atoms, the gas phase optimization 

converged into a geometry with the following H-bonds: N4-H(C)…O(w) and O-H(w)…N2(G), 

where the amino atoms act as donor and acceptor, respectively, consistently with the known 

ability of the amino group to be a H-bond acceptor (54).  Despite of this difference in the 

orientation of the water molecule, both the gas phase and in water optimization converged in a 

geometry that is quite similar to the experimental one. However, optimized geometries show 

an elongation of the N2-H(G)…N3(C) and N4-H(C)…O(w) H-bonds, by 0.40 Å and 0.25 Å, and by 

0.26 Å and 0.36 Å, in gas phase and in water respectively. Nevertheless, the main point here is 

that a single water molecule interacting with the amino groups of both the G and C bases is 

again able to stabilize the W:W trans geometry. In water, the Eclamp for this system is quite 

similar to that calculated for the GC tWW/wc one (-5.1 vs. 5.2 kcal/mol), while in the gas phase 

it is -2.3 kcal higher (-12.4 vs. 10.1 kcal/mol). Finally, the interaction between the G and C bases 

is -14.6 and -9.5 kcal/mol in gas phase and in water, respectively. 

GC tWW/wcwa motif. At this point, it is not surprising that the geometry optimization of the 

G:C W:W trans pair in the presence of two water molecules, one on the carbonyl and the other 

on the amino side, results in a geometry similar with the experimental ones, see Figure 3.5c. 

Interestingly, the H-bonding distances in the gas phase and in water optimized geometries are 

highly consistent (H-bond distances within 0.01 Å). However, as compared to experimental 

geometry, the O(w)-H…O6(G) and  O(w)-H…N2(G) H-bond is elongated by roughly 0.40 Å, while 

the O(w)-H…O2(C) H-bond is elongated by 0.23 Å, the N1(G)-H…O2(C) H-bond is elongated by 

0.30 Å, and the O(w)H…N2(C) H-bond is elongated by 0.15 Å in gas phase and in solvent phase 

optimized geometries. The clamping energy of the two water molecules on the G:C W:W trans 
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pair is estimated to be -21.6 and -9.6 kcal/mol in the gas-phase and in water respectively. Not 

surprisingly, Eclamp in presence of two water molecules is approximately equal to the sum of the 

Eclamp of single water in the GC tWW/wc and GC tWW/wa systems. Finally, the interaction 

energy between the G and C bases is -15.0 and -7.3 kcal/mol in gas phase and in water, 

respectively. 

Impact of the phosphate backbone on the stability of G:C W:W trans pair. Our analysis 

revealed 269 occurrences in the wwPDB, where a phosphate oxygen is found to be coplanar 

and within hydrogen bonding distance from the amino N4(C) and N2(G) atoms. To model this 

structural motif we optimized the G:C W:W trans pair in presence of the phosphate group, 

using the G2564:C2510 base pair interacting with phosphate of C2508 residue, see Table 3.1. Of 

course, in this case the overall system bears a negative charge corresponding to the anionic 

phosphate moiety. The H-bonding arrangement in the gas phase and in water optimized 

geometries is in good agreement with that of the experimental geometry, with differences in 

the H-bonding distances within 0.20 Å, see Figure 3.5d. Interestingly, the gas phase and in 

water optimizations substantially improve the planarity of the G:C trans base pair geometry. 

The calculated clamping energy values are -37.7 and -9.6 kcal/mol in gas phase and in water, 

respectively. The large Eclamp value in the gas-phase is of course consequence of the strong 

electrostatic interaction between the anionic phosphate and the GC base pair, an effect that is 

largely damped by the continuum solvation model in the in water calculations. The interaction 

energy between G and C in the trans pair is -13.6 and -9.3 kcal/mol in gas phase and in water, 

respectively. 
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We also found 34 occurrences of the above geometry, with additional H-bonds between the 

carbonyl O2(C) and O6(G) atoms with a water molecule (similarly to the G:C tWW/wa system). 

This system was also subjected to QM calculations, see Figure 3.5e. The H-bonds pattern in the 

gas phase and in water optimized geometries is consistent with that of the experimental 

structure. The calculated clamping energy is as high as -48.7 and -15.4 kcal/mol in the gas-

phase and in water. Finally, the interaction energy between G and C in the trans pair is –13.8 

and -9.2 kcal/mol in gas phase and in water, respectively. 

The preQ1-II riboswitch binding motif. Optimization in the gas-phase and in water of PreQ1 in 

its binding site inside the class II preQ1 riboswitch from L. rhamnosus results in a geometry that 

is in good agreement with the crytallographic structure (69), see Figure 3.6, although in the 

geometry optimization only the heavy atoms of U41 and of the phosphate of A71 were frozen, 

whereas the preQ1 moiety, the C30 and the structured water molecule were fully optimized. 

We did not include U31 in the calculations, although its O2 atom is engaged in a H-bond 

interaction with the NH3
+ group of preQ1, because U31 is also engaged in a energetically 

relevant stacking interaction with preQ1, while this work is focused on H-bonds interactions 

only. Consistently with the discussion above, the single water molecule is able to preserve the 

W:W trans geometry of the preQ1:C motif. Nevertheless, we also optimized the geometry of the 

overall system without the water molecule, and the W:W trans preQ1:C motif was retained, see 

Figure 3.6. This is probably due to the positive –NH3
+ group that, in analogy to what we found in 

the case of the binding of a Mg2+ ion to the N7(G) atom, and similarly to the case of the 

archaeosine post-transcriptional modification (45), polarizes the electron density of the nearby 
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O6(preQ1) atom thus reducing  the repulsive carbonyl-carbonyl interaction between the O6(G) 

and O2(C) atoms.  

 

 

 

 

 

Figure 3.6 Gas phase optimized geometry of the H-bonding network in the preQ1 binding site, 

presenting a preQ1:C W:W trans morif. H-bond distances between heavy atoms are reported in 

Å. Out of parentheses are the values in X-ray structure, in parentheses are the gas phase 

optimized structures, in square brackets values for the in water optimized geometries. The C1’ 

ribose atom is also labeled. 
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Moving to energies, we first calculated the energy associated with the building of the binding 

site of preQ1. To this end, we calculated the energy change associated with moving from infinite 

distance the A71 phosphate, U41, C30 and the structured water to the geometry they have 

when bound to the preQ1. In the gas-phase and in water the interaction energy between these 

residues is -5.7 and -3.8 kcal/mol, with most of the interaction deriving from the H-bond 

between C30 and the structured water molecule. This indicates that assembling the binding site 

is a substantially thermoneutral process, with the three considered preQ1 binding units placed 

well apart to avoid steric clashes. The binding of the preQ1 in the assembled binding site 

amounts to -160.6 kcal/mol in the gas-phase, a value reduced to the still remarkable value of -

28.8 kcal/mol in water. The large value in the gas-phase is obviously consequence of the 

unscreened electrostatic interaction between the A71 phosphate and the nearby NH3
+ group of 

preQ1. Focusing on the more realistic -28.8 kcal/mol value, we decomposed it into the various 

components, by removing one single piece (either A71, U41 or C30 together with the water 

molecule) from the structure reported in Figure 3.6, and by calculating the interaction energy 

between the removed piece and the remaining of the structure. Interestingly, in water the 

mainly electrostatic preQ1/A71 phosphate interaction is reduced to -8.6 kcal/mol only. It is thus  

similar to the preQ1/C30 interaction, -8.9 kcal/mol, and is surpassed by the preQ1/U41 

interaction, -11.5 kcal/mol. These findings are consistent with the experimental data, showing a 

loss in affinity by a factor of 46 and 90, upon mutation of C30 to U and of U41 to C, respectively 

(69). The preQ1/water interaction amounts to additional -4.7 kcal/mol, so that the overall 

preQ1/(C30+water) interaction amounts to the remarkable value of -13.6 kcal/mol, , thus giving 

the strongest contribution to the preQ1 binding. 
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3.4 DISCUSSION AND CONCLUSIONS 

Looking at the structure of the G:C W:W trans pair, it is evident that the exocyclic amino N4(C) 

and N2(G) atoms and the carbonyl O2(C) and O6(G) atoms are freely accessible for further H-

bonding interactions. This is particularly relevant, due to the intrinsic instability of the G:C W:W 

trans geometry (45,92) and to its occurrence in higher level interactions often joining together 

different structural motifs in functional RNAs. We observed and characterized higher order 

geometries involving the G:C W:W trans pair as a core motif, which maintain the tertiary 

structure of tRNA molecules and of ribosomal RNAs, and even contribute to the metabolite 

recognition in riboswitches. We have previously shown that post-transcriptional modification or 

divalent metal ions binding to the N7 atom of the guanine stabilizes the G:C W:W trans base 

pair geometry (45,47).  Here we have shown that other environmental factors, such as 

additional bases, phosphate backbone atoms and even structured water molecules can impart 

structural stability to the G:C W:W trans base pair, by functioning as a clamp, with a variety of 

possible solutions spanning from simpler motifs, with a single additional base, phosphate or 

water molecule acting as a clamp (see Figures 3.3a and 3.5a,b,d), to more complex structures 

where the clamping is provided by the concerted action of two bases (see Figure 3.4), two 

water molecules (Figure 3.5c), or one base and a ribose (Figure 3.3c). Of particular interest is 

the highly concerted action of a base and of a water molecule (Figure 3.3b), with the water 

molecule acting as a bridge between the G:C pair and the additional base. In all the cases, the 

clamping interactions seem to balance the carbonyl-carbonyl and amino-amino repulsion of the 

G:C W:W trans base pair, avoiding its geometrical rearrangement to the bifurcated G:C Ww/Bs 

trans geometry, which is comparably stable but highly non-isosteric. The high involvement of 
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water molecules in keeping together the G:C W:W trans geometry is not surprising, as it is well 

known that folding properties and conformation of nucleic acids are significantly affected by 

solvation (93-96) and many of the reported base pairing geometries in RNA structures are 

found to be closely associated with bound water molecules with reduced mobility (51,97). 

Focusing on energy, the variability in the possible structural solutions results in a variability of 

the calculated clamping energy, spanning in water the -5 to roughly -12 kcal/mol range. The 

weakest clamping is provided by a single water molecule, while the strongest is provided by the 

concerted action of more groups, such as in the GrCrG tWW/cSS and GC tWW/PO1wc systems 

(-16.8 and -15.4 kcal/mol, respectively). Consistently with the building block nature of 

stabilizing interactions in nucleic acids, the total clamping energy can be estimated from the 

clamping energy of simpler motifs. For example, the clamping energy of a single water molecule 

H-bonded to the carbonyl or to the amino side (Figure 3.5a,b), is roughly -5 kcal/mol, while the 

clamping energy of two water molecules, one on the amino and the other on the carbonyl side, 

amounts to roughly -10 kcal/mol. Similarly, the clamping provided by a single phosphate (Figure 

3.5d), amounts to roughly -10 kcal/mol, which, summed to the roughly -5 kcal/mol for the 

clamping provided by a single water molecule, allows to predict with reasonable accuracy the 

total clamping energy in case of a concerted clamping of a phosphate and a water molecule, -

15.4 kcal/mol in 3CCL (Figure 3.5e). This indicates that the values we have calculated for the 

single clamping interactions can be used to estimate the strength of the interaction in different 

structures beyond those discussed in the present paper. Furthermore, analysis of the G:C base 

pairing energy in the examined cases, indicates that their interaction, with an average value of -

9.3±0.7 kcal/mol, is remarkably stable in all the environments considered, and it is also quite 
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stable compared to the canonical G:C and A:U W:W cis base pairs (having a base pairing energy 

in water of -14.2 and -9.5 kcal/mol, respectively). This indicates that the weakness of the G:C 

W:W trans is not in the base pairing energy. In fact, it is stabilized by two H-bonds as the 

canonical A:U W:W cis base pair. This is consistent with the occurrence of the G:C W:W trans 

geometry in fundamental interactions contributing to the overall folding of nucleic acids, or in 

the recognition of metabolites in riboswitches. Rather, its weakness is in its geometrical 

instability, with the tendency to fall into the similarly stable bifurcated W:W Ww/Bs geometry. 

In case the G:C W:W trans geometry has to be rigidly held in place in the functional RNA, other 

nucleotides or water molecules can stabilize its geometry. However, if the interaction connects 

sections of the system that have to undergo functional rearrangements, the possibility to easily 

switch to a different base pairing geometry can also be strategical. 

To conclude, in this work we searched for the occurrence of the G:C W:W trans geometry in 

RNA structures, and we analyzed the resulting geometries in terms of additional H-bonding 

interactions with other moieties of RNA (bases, phosphate, sugar), as well as with structured 

water molecules. Our structural database analysis revealed the importance of additional H-

bonds from the surrounding structural context, since they occur in roughly 70% of the all G:C 

trans base pairs observed in the wwPDB. The frequency through which these additional 

interactions occur suggests that they are probably fundamental to the RNA folding and 

functioning. The main conclusions of our work can be thus summarized as follows: 
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i) The G:C W:W trans geometry is a recurrent structural motif in functional RNAs, with a 

privileged role in participating to higher order motifs, often joining together different structural 

domains. 

ii) A single base or even a single water molecule, acting as a H-bonding clamp, is able to give 

structural stability to the G:C W:W trans geometry. Clamping can occur on the exocyclic 

N2(G)/N4(C) amino side as well as on the O6(G)/O2(C) carbonyl side, and often involves both 

the amino and the carbonyl sides. 

iii) The clamping energy can span the quite large window between -5 and -15 kcal/mol in water, 

the weakest value being associated to the clamping operated by a single water molecule. These 

clamping energies are close in magnitude to the H-bonding energy of the classical A:U and G:C 

WC base pairs. 

iv) The preQ1:C W:W trans interaction, in the binding site of a preQ1 class II riboswitch, is not 

negligible, contributing roughly 25% of the total H-bonding energy between preQ1 and the 

riboswitch binding site. When also the clamping water molecule is considered, actually it 

provides the strongest H-bond contribution to the preQ1 binding. 

In conclusion, our bioinformatics and quantum mechanics analysis indicated that the G:C W:W 

trans base pair, stabilized by H-bonding with other entities, contribute fundamental tertiary 

interactions in the context of different RNA molecules, helping to maintain their fold and hence 

functionality. Interestingly, its stabilization can be achieved in a number of building-block type 

structures, spanning a quite large energy window, thus offering evolution a large variety of 

structural solutions from which to select to achieve functionality. 
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Chapter 4 

 

An atlas of RNA base pairs involving modified nucleobases with optimal 

geometries and accurate energies 

4.1 Introduction 

RNA molecule fulfills a striking variety of functions apparently based on a limited chemical 

diversity, established by only four nucleobases: adenine (A), guanine (G), cytosine (C), uracil (U). 

This apparent contradiction is solved when thinking that RNA can take advantage of a large 

number of posttranscriptional modifications, greatly enhancing its chemical information. To 

date, more than 100 different modifications have been reported in RNA molecules, ranging 

from simple additions or substitutions of chemical groups as e.g. in methylations or 

deaminations, to complex alterations, often comprising a series of reactions, some of which 

even resulting in a different heterocyclic structure. A complete catalogue of such modifications 

can be found in dedicated databases, such as the RNAmods database (98) and MODOMICS (99), 

with the latter database containing also information about RNA modification pathways and 

sites of modification in selected RNAs.  

While the highest concentration and diversity of posttranscriptional modifications has been till 

now reported in tRNA molecules, they are also widespread in rRNA and mRNA, and more than a 

dozen of modifications have already been reported in small, noncoding RNA (98,100-104). As a 

matter of fact, nowadays most if not all the major classes of RNA molecules in the cell are 

thought to possibly present modified nucleotides. 
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Specific modifications contribute to tRNA stability, favor its recognition by the cognate amino 

acid-tRNA synthetase and by mRNA, influence nuclear export of mRNA, protect it from 

degradation and regulate splicing, or can establish resistance to antibiotics in bacterial rRNA 

(1,105-109). Many more examples of the impact of modifications on the RNA function and 

structure are reviewed in (1,104,109-112). Importantly, modifications also play a role in human 

diseases, particularly tumors, myopathy, type-2 diabetes and obesity [reviewed in (113)]. 

Chemical modifications that control the stability and proper folding of the RNA molecule are 

generally classified as “structural”. The most efficient ways by which they can affect the RNA 

structure are hydrogen bonding, Π-stacking and the coordination of metal ions, with the first 

one playing a major role. Chemical modifications may actually occur at all the three edges used 

by nucleobases for H-bonding to other bases, i.e. the Watson-Crick, the Hoogsteen and the 

sugar edge (see Figure 4.1). A modified nucleobase can thus exhibit significantly changed 

pairing properties, as compared to the corresponding canonical one. If the Watson-Crick edge is 

affected, for instance, the canonical Watson-Crick G-C/A-U pairing will be impaired, while non 

canonical base pairs, involving either of the other two edges, may be favored.  

To date, more than 3000 macromolecular structures have been deposited in the wwPDB (114), 

which contain RNA molecules, including ‘classical’ RNAs but also viral RNA, ribozymes, and 

recently discovered small non coding nuclear and nucleolar RNAs. Remarkably, a significant 

fraction of such structures present modified residues. Therefore, it is time to systematically 

investigate the structural effect of chemical modifications in the context of experimental RNA 

structures. Herein, we will focus on the effect of modifications on H-bonded base pairs. To this 
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end, we performed a comprehensive search in the Protein Data Bank (114) to compile an atlas 

of experimentally observed “modified base pairs”, i.e. H-bonded base pairs, with a given 

geometry, involving at least one noncanonical nucleobase. For each specific combination of 

nucleobases and base pair geometry, we recorded the occurrence and selected a 

representative from the highest resolution X-ray structure presenting it for subsequent 

energetic calculations. We came up with an atlas of 27 unique modified base pairs containing 

naturally occurring modifications, differing by the nucleobase combination and/or base pairing 

geometry. Nine additional pairs involving non-natural modified bases, specifically halogenated 

pyrimidines used to solve the crystallographic phase problem, were also retained in our 

analysis, as the question has been raised whether this kind of modification can interfere with 

the functional RNA folding (115). 

Optimal geometries and accurate interaction energies have been evaluated for all the above H-

bonded base pairs, including ribose C1ʹ atoms. Advanced quantum mechanics methods are 

indeed especially suitable for the evaluation of the strength of H-bonded bases interaction (36-

42,45,55,116-119). In all cases, we also considered the corresponding pairs involving 

unmodified bases, in order to allow a comparison of their geometry and energetics. 

This study thus provides both an atlas of the modified base pairs experimentally observed to 

date, with relative occurrence, and an accurate estimate of the effect of each chemical 

modification on the structure and stability of the corresponding H-bonded base pair. Notably, 

we found that the modified base pairs typically exhibit non canonical geometries (i.e. different 

from the classical Watson-Crick pairing) and are located in a variety of different RNA molecules 
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and structural motifs. This extends our understanding of how post-transcriptional modifications 

act on the structure of RNA molecules to influence their function.  

Comparison of the energy of the different interactions outlines which modifications contribute 

most to the stability of the corresponding base pair, and possibly constitutes a valuable basis 

for the rational design of site-directed modifications in specific RNA molecules. This is especially 

interesting considering that affinity of RNA molecules for protein targets has been shown to be 

favored by stabilization of the RNA tertiary structure more than by optimization of RNA–protein 

contacts (120). The calculated energies may also be integrated in algorithms for RNA structure 

prediction, thereby allowing prediction of structure for RNA sequences with biologically 

relevant modified residues. 

 

Figure 4.1 Schematic representation of the nucleobase modifications involved in H-bonded base 

pairs in experimentally determined RNA structures. Nucleobases are oriented with their 
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Watson-Crick edge facing right. The two non-canonical edges for H-bonding, Hoogsteen and 

sugar, are indicated.  

4.2 Database Analysis to Identify Modified Base Pairs 

4.2.1 Nomenclature Adopted in the Present Work. The adopted nomenclature for the 

geometry of the analysed H-bonded base pairs (Table 4.1) is based on that proposed by Leontis 

and Westhof (22,77) and extended by Lemieux and Major (121). In it, the interacting edges 

involved in the H-bonding, i.e. Watson–Crick, Hoogsteen or sugar, and the two mutual 

orientations of the glycosidic bonds, i.e cis or trans are specified (22,77). A symbol ‘W’, ‘H’ or 

‘S’, is given to indicate that the ‘Watson-Crick’, ‘Hoogsteen’ or ‘sugar’ edge is involved in the 

base-base H-bonding interaction; ‘Bs’ is used for bifurcated base pairs involving the sugar side 

amino/keto group (121). This is preceeded by ‘c’ or ‘t’, indicating that the orientation of the 

glycosidic bonds is cis or trans, respectively. We added an ‘r’ in brackets after the edge symbol 

when the corresponding ribose was also involved in H-bonding. The symbol for the edge H-

bonding with the ribose of the paired nucleoside was also reported in brackets, if different from 

that involved in base-base pairing. Traditional abbreviations were adopted for the modified 

nucleobases. For the non-natural modifications, after the number of the modified atom we 

reported the chemical symbol of the halogen element substituting a hydrogen atom and the 

one-letter-code of the corresponding nucleobase. When a base pair is characterized by only 

one H-bond, this is indicated by a “1” after the edge symbols.  

4.2.2 Structural analysis of modified base pairs in experimentally determined RNA structures. 

The set of PDB structures used in this work, updated to October 2013, contains 600 
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macromolecular structures solved by X-ray crystallography at a resolution of 3.5 Å or better 

that contain RNA molecules with post-transcriptional modifications [filtered by the “Has 

modified residues” option in the wwPDB database (114)]. The modified RNA structure set was 

kept redundant with respect to RNA sequences, because even structures of the same RNA 

molecule can present different geometry for corresponding base pairs (see below). The 600 

structures of modified RNAs were analyzed using the BPView tool (122), in order to identify the 

modified base pairs and classify their geometry. As a result of this analysis, we obtained 573 

base pairs containing at least one modified base. Modifications of ribose or phosphate moieties 

were not considered here.  

4.2.3 Model Building for Geometry Optimization and Energy Calculations. The starting models 

for the QM calculations were built starting from the highest resolution crystal structures 

available. The PDB IDs and corresponding residue numbers used are listed in Table 4.1. For the 

unmodified counterparts, the modified residue was replaced by its corresponding unmodified 

one, by preserving the H-bonding pattern of the modified base pair. In the present calculations, 

ribose is not included, unless it participates in H-bonding interactions with the modified bases. 

Models of the bases are thus normally truncated at the C1ʹ atom of the ribose. When the ribose 

is included in the model, nucleosides are terminated by replacing the –CH2-5’OH and the -3’OH 

groups by a methyl group. This is a standard approach used previously (35,38,40,116,123). 

When a water molecule in the X-ray structure was observed to be mediating the H-bonds 

between the bases (see m1A:U tHW(w) below), it was also explicitly included in the model. A 

density functional theory approach, based on the hybrid B3LYP functional as implemented in 

the Gaussian 09 package (27,28), and the cc-pVTZ basis set (30), was used for all the geometry 
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optimizations. Interaction energies were calculated on the B3LYP/cc-pVTZ optimized 

geometries at the second order Møller-Plesset level of theory, MP2 (26) using the more 

extended aug-cc-pVTZ basis set, in the framework of the Resolution of Identity approximation 

RIMP2 (33) method as implemented in Turbomole 6.1 package. The RMSD of the optimized 

geometry on the corresponding X-ray one were calculated on the corresponding heavy atoms 

after best superimposition. For unmodified versus modified geometries comparison, only atoms 

present in both the bases were used in the calculation. In case of pseudouracil, structurally (not 

chemically) correspondent atoms were superimposed. In this work, we calculated the 

interaction energy of the modified base pairs and of the corresponding unmodified pair, E int, as 

in Eq. 1: 

                                       Eint = EBP –(EB1 + EB2) +BSSE; (1) 

where, EBP is the electronic energy of the optimized base pair, and EB1 and EB2 are the electronic 

energy of the isolated and optimized geometry of the B1 and B2 bases forming the H-bonded 

base pair BP. All the interaction energies were corrected for basis set superposition error (BSSE) 

(34), using the counterpoise procedure. To have an immediate and intuitive understanding of 

the impact of a specific modification, we introduce the modification energy, EMod, defined as 

the energy difference between the interaction energy of the modified and of the corresponding 

natural base pairs, as shown in Eq. 2. 

              EMod = EInt(modified base pair) – EInt(natural base pair). (2) 

Within this definition, positive and negative EMod values indicate modifications that decrease or 

increase the stability of a specific base pair, respectively. 
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4.3 Results and Discussion 

A total of 573 H-bonded RNA base pairs involving at least one modified base have been 

identified by our extensive PDB search 424 of them include natural modifications of the four 

canonical bases. The most frequent naturally modified base moiety is pseudouracil found in 

about one third of the cases, 149. This is not surprising, as pseudouridine is well known to be an 

ubiquitous and abundant residue in RNA (124). Hundreds of pseudouridylated sites were 

recently also found in mRNAs from yeast and human (125). Other 96 H-bonded bases involving 

a noncanonical nucleobase deriving from modification of uracil were recorded, making uracil 

the overall most frequently modified nucleobase in RNA, see Figure 4.2A&D. The remaining 

three nucleobases adenine, guanine and cytosine were found to be modified in 66, 82 and 60 

pairs, respectively.  

Upon classification of their base pairing geometry, an atlas of 36 unique “modified base pairs”, 

differing by the identity of H-bonded bases and/or geometry classification has been compiled, 

27 of them containing natural posttranscriptional modifications and 9 containing non-natural 

modifications (Table 4.1). Two of the 27 base pair types with natural modifications, m1A:m5U 

tHW and m5U:m1 tWH, contemporarily present two modified nucleobases (for each of them 19 

occurrences have been found). The 27 “natural” modified base pair types we classified exhibit a 

variety of different geometries, involving all the possible combinations of Watson-Crick (W), 

Hoogsteen (H) and sugar (S) edges and both the cis (c) and trans (t) glycosidic bond 

orientations, with the latter one being predominant, and are involved in a variety of structural 

motifs. Over 40% of them indeed participate in long-range tertiary interactions, while only 11% 

are located in regular stems (see Figure 4.2B). Furthermore, they are located in a variety of RNA 
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molecules (see Table 4.1), including recently identified small non coding RNAs, although tRNA is 

not surprisingly the most represented molecule. The analysis of the identity of nucleobases 

involved in modified base pairs shows a distinct preference of each nucleobase for pairing with 

specific modified nucleobases (Figure 4.2C). For instance, guanine is found to give a significant 

number of H-bonded pairs with a modified U, G or C but is never found paired to a modified A. 

Adenine instead shows a clear preference for pairing to a modified U.  

In the following, we will review the geometry of each modified pair and we will report their 

occurrences together with the structural contexts they have been found in. Then, we will report 

results of quantum mechanics calculations on representatives for each distinct base pair type to 

investigate their optimal geometry and energy. 
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Figure 4.2 Statistical analysis of modified base pairs including natural nucleobase modifications. 

(A) Fraction of nucleobases that are modified and involved in base pairs, by parent nucleobase 

identity; (B) Fraction of modified base pairs in different RNA structural motifs; (C) Fraction of 

unmodified nucleobases H-bonding to modified nucleobases; (D) Fraction of modification type, 

reported by parent nucleobase identity. 

4.3.1 Base pairs involving modified adenine  

The occurrence of two different modifications was recorded for adenine. Both of them involve 

methylation, specifically a single methylation at the N1 atom, resulting in the positively charged 

1-methyladenine (m1A), and a double methylation at position N6, resulting in the neutral N6-di-

methyladenine (m6
6A), see Figure 4.1. They give rise to a total of five unique modified base 

pairs.  

1-methyladenine (m1A). Modification in 1-methyladenine (m1A) only affects the Watson-Crick 

edge of the nucleobase, thus leaving both the Hoogsteen and sugar edges available for H-

bonding interactions. The positively charged m1A is observed to participate in four distinct base 

pairing interactions (Figure 4.3). The first one is m1A:A tHW (#1, Table 4.1), where the 

Hoogsteen edge of m1A is involved in two H-bonds with the Watson-Crick edge of an adenine. 

Only one instance of this specific base pair was observed, in the T-loop of yeast tRNA(iMet), at 

positions 54-58. Importantly, the lack of the m1A modification has been shown to lead to an 

accelerated degradation of the tRNA molecule (126,127). Two different geometries were then 

observed for the m1A:U base pair (#2,3). Both of them are of the tHW type, i.e. involve the 

Hoogsteen edge of m1A and the Watson-Crick edge of U in a trans conformation, and constitute 

the ‘lone’ pair in a lonepair tri-loop motif (LPTL), a structural motif characterized by a single 
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base-pair capped by a hairpin loop made of three nucleotides and usually involved in tertiary 

interactions with another section of the RNA. However, the first geometry presents a bridging 

water molecule between the two bases that is absent in the second one. 44 instances of the 

m1A:U tHW(w)(#2) geometry have been observed, where a structural water molecule is 

involved in H-bonding with N6(m1A) and O2(U), located in a LPTL motif of 23S rRNA from H. 

marismortui. A single instance of the simple m1A:U tHW(#3) pair has been instead observed at 

positions 54-58 of a tRNA, specifically of E. coli tRNA(Phe). The 54-58 pair is one of the nine 

tertiary interactions maintaining the fold of canonical tRNAs. It is known that modification of 

the T-loop region can influence the processing of the 3’ and 5’ termini, as well as the CCA-

addition (128). Geometry and stability of the above pair in the gas phase were investigated in 

our previous study, within a comprehensive analysis of energetics of tRNA tertiary interactions 

(41). Similarly to other base pairs corresponding to tRNA tertiary interactions, the 54-58 pair 

has however been included in this study, for the sake of completeness. The fourth base pair 

involving m1A is m1A: m5U tHW(#4), which actually involves two modified nucleobases, i.e. m1A 

and 5-methyl uracil (m5U i.e. thymine). It presents the same geometry already discussed for 

m1A:U tHW, the only difference being in the modification of the uracil at the C5 position. 19 

instances of the m1A: m5U tHW(#4) motif were detected at positions 54-58 in different tRNA 

molecules, including yeast tRNA(Phe).  

N6-dimethyladenine (m6,6A). Dimethylation of A to m6,6A affects both the Watson-Crick and 

Hoogsteen edges, thus leaving only the sugar edge with the same H-bonding potential as in 

unmodified A. A single instance has been observed for this base pair, corresponding to the 

m6,6A:G tS(W)S(r) (#5) geometry (Figure 4.3), stabilized by N2-H(rG)-N3(m6,6A) and O2ʹ-H(rG)-



101 
 

N1(m6,6A) H-bonds, in the large ribosomal subunit from H. marismortui, and in particular 

between 23S rRNA and an aminoacyl-tRNA analogue bound to the A site (129). The ribose of 

the guanine has been included in the analysis, as it is involved in H-bonding interaction with 

N1(m6,6A) in this base pair.  

 

Figure 4.3 Stick representation of base pairs including a modified adenine. Under the base pair 

classification, the identifier of the modified base pair (see Table 4.1), preceded by a #, its 

number of occurrences and the Emod values, in kcal/mol, are reported. 

4.3.2. Base pairs involving modified guanine 

Four different modifications of the guanine base were found in the analyzed dataset, all 

resulting from methylation reactions. In particular, methylation at N1 results in 1-
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methylguanine (m1G), single and double methylation at N2 results in N2-methylguanine (m2G) 

and N2,N2-dimethylguanine (m2,2G), respectively, and methylation at N7 results in the positively 

charged 7-methylguanine (m7G). The above four modified bases are involved in seven unique 

modified base pairs (see Figure 4.4). 

1-methylguanine (m1G). In 1-methylguanine (m1G), the H-bonding potential at the Watson-

Crick edge is affected by the modification. m1G is involved in one modified base pair, m1G:C 

tHH1(#6) pair, stabilized by a single strong H-bond between N4(C) and N7(m1G), for which only 

one instance was observed at positions 9-23 of yeast tRNA(iMet), as a part of a tertiary 

interaction in the tRNA D arm. 

N2-methylguanine (m2G). Single methylation at N2 may affect either the Watson-Crick or the 

sugar edge, depending on the orientation of the methyl group at the N2 position. m2G is 

involved in three different base pairs. The first one is m2G:U cWW(#7), for which a single 

instance was observed, as part of the acceptor stem of HIV-1 reverse-transcription primer 

tRNA(Lys,3). It is stabilized by the same H-bonds pattern of a “classical” G:U cWW wobble base 

pair geometry. The second and third base pairs involving m2G can both be classified as m2G:C 

cWW(#8,9). However, whereas the former pair corresponds to a “regular” G:C Watson-Crick cis 

geometry, stabilized by three H-bonds, in the latter pair the additional methyl group at N2 

position of m2G is pointed towards the Watson-Crick edge, making the “classical” three H-

bonds Watson-Crick pairing sterically unfeasible. Instead, in the X-ray structure, only one H-

bond, N1(m2G)-O2(C), is present. For the “regular” m2G:C cWW base pair, a total of 23 

instances were recorded, 16 of them in tRNA molecules, at the 10-25 positions, i.e. the terminal 
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pair of the D-stem, and the remaining 7 instances in the regular helix-34 of 16S rRNA from T. 

thermophilus. 3 instances were instead observed for the m2G:C cWW1 base pair, again at 

positions 10-25 of tRNA molecules. It is worth reminding here that the 10-25 pair in tRNAs is 

usually part of a triplet, involving G45, which, from the variable loop, H-bonds to O6 of (m2)G10.  

N2,N2-dimethylguanine (m2
2G). Modification of guanine to N2,N2-dimethylguanine (m2

2G) 

partially affects both the Watson-Crick and sugar edges. m2
2G is involved in one base pair, 

classified as m2
2G:A cWW(#10), and characterized by two H-bonds. For this pair, 20 instances 

were recorded at positions 26-44 of tRNA molecules, where typically a purine-purine base pair 

causes a kink between the anticodon and D stems.  

7-methylguanine (m7G). Modification of guanine to 7-methylguanine (m7G) introduces a 

positive charge on the nucleobase and affects the H-bonding potential only of its Hoogsteen 

edge. In the dataset analyzed herein, m7G is involved in two base pairs. The first one is in fact a 

canonical m7G:C cWW(#11), for which 7 instances were recorded in helix 18 of 16S rRNA from 

T. thermophilus. The second one is a m7G:G tWH(#12), for which 27 instances were recorded, at 

positions 22-46 of tRNAs, where it is part of the tertiary 13-22-46 triplet, joining the D-arm and 

the variable loop.  
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Figure 4.4 Stick representation of base pairs including a modified guanine. Under the base pair 

classification, the identifier of the modified pair (Table 1), preceded by a #, its number of 

occurrences and the EMod values, in kcal/mol, are reported. When the hydrogen bonds pattern 

is not conserved in the optimized geometry, a superimposition of the X-ray (in green, with H-

bonds in red) and optimized geometry (in magenta, with H-bonds in blue) is shown. 

 

4.3.3 Base pairs involving cytosine modification 

In the dataset analyzed, we detected only one natural modification of the cytosine nucleobase, 

corresponding to methylation of C5, i.e. 5-methylcytosine (m5C). It is involved in two different 

base pairs (see Figure 4.5). 



105 
 

5-methylcytosine (m5C). Modification of cytosine to m5C leaves the Watson-Crick and sugar 

edges unaffected, while it alters the H-bonding potential of the Hoogsteen edge. In the dataset 

analyzed herein, this modification is involved in two distinct types of base pairs. The first base 

pair is a canonical m5C:G cWW(#13), for which a total of 57 instances were found. Out of these 

57 instances, 14 were observed in helix 44 of 16S rRNA from T. thermophilus, 15 instances at 

positions 40-30 of tRNA molecules, in the anticodon stem, 28 instances at position 49-65 of 

tRNA molecules, which is a terminal pair of the T-stem. The second base pair is a reversed 

(trans) Watson-Crick pair m5C:G tWW(#14). For this pair we detected 3 instances, at positions 

48-15 of tRNAs, in which it is involved in a tertiary interaction that joins V-loop and D-stem. 

 

Figure 4.5. Stick representation of base pairs including a modified cytosine, the identifier of the 

modified pair (Table 4.1), preceded by a #, its number of occurrences and the EMod values, in 

kcal/mol, are reported. When the hydrogen bonds pattern is not conserved in the optimized 

geometry, a superimposition of the X-ray (in green, with H-bonds in red) and optimized 

geometry (in magenta, with H-bonds in blue) is shown. 
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4.3.4 Base pairs involving uracil modification. 

As anticipated above, most of the modified base pairs we found, involve a modified uracil. Four 

distinct natural modifications were observed for uracil, forming fourteen distinct pairs (Table 

4.1 and Figure 4.6). The first one corresponds to 5-methyluracil (m5U); the second observed 

modification is the result of thiolation at C4 atom of uracil, resulting in 4-thiouracil (s4U); the 

third modification corresponds to the reduction of uracil at the C5 and C6 positions, resulting in 

dihydrouracil (H2U); while the forth modification is the overall most frequently encountered 

one, as already mentioned, i.e. pseudouracil (Ψ), see Figures 4.1 and 4.2D. 

5-methyluracil (m5U). Methylation of uracil at position C5 impairs possible H-bonding 

interactions from the Hoogsteen edge, while leaving the Watson-Crick and sugar edges 

unaltered. We could detect four distinct modified base pairs involving m5U. The first one is 

m5U: m1A tWH(#4), and was discussed before, when presenting modified base pairs involving 

m1A. The second one corresponds to m5U:A tWH(#15), for which we recorded 38 instances at 

positions 54-58, i.e. a tertiary interaction within the T loop of tRNA molecules. The third one is a 

m5U:G tWH1(#16), characterized by a single H-bond, for which we found 2 instances, at the 

same location (positions 54-58) of tRNA molecules. Finally, the forth base pair is m5U:G 

cWW(#17) and also for it we could detect two instances, in a ribozyme (group I intron from 

Azoarcus sp.BH72) structure (130). 

4-thiouracil (s4U). The second observed modification of U is the result of thiolation at C4 atom 

of uracil, resulting in 4-thiouracil (s4U), which affects the border between the Watson-Crick and 

the Hoogsten edges, while the sugar edge is unaffected. In the dataset analyzed, this 
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modification is involved in only one base pair, s4U:A tWH(#18), for which we recorded 21 

instances, all in tRNA molecules, at the positions 8-14, which are actually part of the 8-14-21 

tertiary interaction keeping together the tRNA acceptor stem and D arm. 

Dihydrouracil (H2U). The third modification of U corresponds to the reduction of uracil at the 

C5 and C6 positions, resulting in dihydrouridine (H2U), which is a non-planar nucleobase, as a 

consequence of the loss of the double bond between C5 and C6. The two additional hydrogen 

atoms are therefore located on the Hoogsten edge, while the Watson-Crick and sugar edges are 

virtually unaffected. For this modification, we could detect three distinct base pairs. 12 

instances were observed for the H2U:U tWW(#19) pair, present at positions 16-59 

(corresponding to canonical positions 17-59) of tRNA molecules, an additional interaction 

between the D and T loops, besides the known “canonical” ones (40,41). One instance was 

observed at that position for H2U:G cHS1(#20), characterized by a single H-bond, which 

represents a dinucleotide platform interaction (i.e. two consecutive residues H-bonded to each 

other (131,132)) in the D loop of tRNA(Asp). Similarly, a single instance was recorded for the 

H2U:G tWS(#21) base pair, as part of the T. thermophilus tRNA(Ser) D loop. Therefore, all the 

H2U occurrences we found are located within the D loop of tRNA molecules, a region also 

known to be involved in interaction with aminoacyl tRNA synthetases. 

Pseudouracil (Ψ). Pseudouracil, Ψ, is connected to the sugar backbone not through the 

pyrimidine N1 atom but through C5, as a result of an isomerization (124). In Ψ, an additional 

polar hydrogen bond donor N1-H is present on the Hoogsteen edge, at the equivalent site of 

uracil C5-H, while the Watson-Crick and sugar edges are unaffected compared to unmodified 
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uracil. Our database search probed six distinct base pairs involving Ψ, with all the canonical 

A/U/G/C bases. The first base pair is Ψ:A cWW(#22), where Ψ forms a Watson-Crick pair with 

an adenine. For this base pair we recorded 24 occurrences, 13 of which represented the 

terminal pair in the hairpin loop, 3 in the anti-codon stem and 2 in the acceptor stem of 

different tRNAs, while 3 instances correspond to codon(mRNA)-anticodon(tRNA) interactions, 

and the remaining 3 ones were observed in U2 small nuclear (sn)RNAs. The second pair is a Ψ:A 

cHW(#23), where Ψ is rotated by 180° compared to the previous pairing around the C5-C1ʹ 

bond (it is in the ‘syn’ conformation, thus utilizing its Hoogsteen edge (133)), yielding however a 

similar H-bonding pattern to that of the Watson-Crick edge. This base pair we observed only 

once, in yeast tRNA(Phe), at positions 39-31, i.e. the last, usually non canonical, pairing before 

the anticodon loop. It is interesting that, of the three tRNA molecules present in the 

corresponding X-ray structure (PDB ID: 1TTT (134)) only one (chain D) presents this specific 

geometry, while the other two pairs present a Ψ:A cWW geometry instead. We observed 45 

instances of the Ψ:U tWW(#24) base pair, all in 23S rRNA from H. marismortui (PDB numbering: 

Ψ2621:U1838). Interestingly, U1838 is present in the 23S rRNA domain IV, while Ψ2621 is 

present as a part of a junction in domain V. Thus, this is a tertiary interaction between two 

different domains that may be important for stabilization of the ribosome structure. 

Another base pair involving Ψ is Ψ:G tBsW(#25), which is a bifurcated H-bonding interaction 

involving the sugar edge of Ψ and the Watson-Crick edge of G, characterized by the N1(G)-

O4(Ψ) and N2(G)-O4(G) H-bonds. We found 48 instances of this base pair, in tRNA structures, at 

positions corresponding to canonical 55-18, i.e. one of the key tertiary pairs keeping together 

the D and T loops, at the elbow of the “L-shaped” structure. In addition, a conserved H-bonding 
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interaction was observed between N3(Ψ55) and O2P(A58), that was however not explicitly 

simulated in our calculations, as we did not consider H-bonding with the ribose-phosphate 

backbone. Further, 14 instances of the Ψ:G cWW(#26) base pair for which, 9 instances were 

found at 13-21 position, last pair of D-loop in tRNAs, 3 instances were recorded at the terminal 

pair of T hairpin stem, one instance in the regular stem of anticodon region, and another one 

instance was found in a U2 small nuclear (sn)RNA, analogously to the Ψ:A cWW pase pair 

discussed above. Actually, the two U2 snRNA structures only differ for the identity of residue 20 

(135). When a G20 is there, the Ψ pairs with it, with a cWW geometry, while residue 21 (A21) 

protrudes from the double helix toward the solvent; whereas when a A20 is there, Ψ pairs with 

A21 and it is A20 to protrude from the double helix. Finally, we could observe 7 instances of the 

Ψ:C cS(r)W(#27) interaction, which is part of an internal loop of helix 18 in 16s rRNA from T. 

thermophilus. 
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Figure 4.6 Stick representation of base pairs including a modified uracil. Under the base pair 

classification, the identifier of the modified pair (Table 4.1), preceded by a #, its number of 

occurrences and the EMod values, in kcal/mol, are reported. When the geometry significantly 
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changes upon optimization, a superimposition of the X-ray (in green, with H-bonds in red) and 

optimized geometry (in magenta, with H-bonds in blue) is shown. 

 

4.3.5 Base pairs involving non-natural modifications 

Three non-natural modifications were observed in the dataset analyzed, all corresponding to 

halogenation (bromination or iodination) of pyrimidine bases at C5, introduced into RNA 

molecules to help in solving the X-ray phase problem. In this article, we annotated them as 

5BrC, 5BrU and 5IU (where the number of the modified hydrogen atom is reported, followed by 

the chemical symbol of the halogen element and the one-letter-code of the modified 

nucleobase, see also Methods). All these modifications affect the Hoogsteen edge of the 

corresponding nucleobases, leaving the Watson-Crick and sugar edges unaffected. They are 

involved in 9 different types of base pairs (Figure 4.7). 

5-Bromocytosine (5BrC) and 5-Bromouracil (5BrU). In the dataset analyzed, 5BrC is involved  

only in 5BrC:G cWW(#1’) pairs. We observed 16 instances of this base pair, 3 of which were in 

helix 6 of synthetic human SRP (signal recognition particle) RNA, 12 in engineered brominated 

RNA, and one in the sarcin/ricin loop in synthetic 28S rRNA from rat. 5BrU is observed to be 

involved in six different modified base pairs. The 5BrU:A cWW(#2’), 5BrU:G cWW (#3’) and 

5BrU:5BrU cWW(#4’) base pairs (95, 16, and 2 instances, respectively) all share a Watson Crick 

geometry and were found in stem regions of various synthetic molecules. In the 5BrU:A 

cWH(#5’) base pair, the Watson-Crick edge of 5BrU hydrogen-bonds to the Hoogsten edge of an 

adenine. The remaining two base pairs, 5BrU:A with a cS(r)H(#6’,7’) and cW(r)S, both present 
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an H-bond between O2(5BrU) and N6(A). In addition, the ribose O2ʹ atom of 5BrU hydrogen-

bonds to N7(A) and N1(A), respectively. One only instance for each of the last three modified 

pairs was found, in HCV RNA and a synthetic RNA aptamer. 

5-Iodouracil (5IU). In the dataset analyzed, the 5IU modification was found in two modified 

base pairs, both Watson-Crick: 5IU:A cWW(#8’) and 5IU:G cWW(#9’). 13 and 4 occurrences of 

such pairs were found, all in synthetic molecules, some of them reproducing fragments of viral 

genomes, signal recognition particle RNA, RNA aptamers or snoRNA. 

 

 

Figure 4.7 Stick representation of base pairs including non-natural modifications. Under the 

base pair classification, the identifier of the modified pair, preceded by a #, its number of 

occurrences and the EMod values, in kcal/mol, are reported. 
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4.4 Geometry and energetics of Modified Base Pairs 

Optimal geometries and interaction energies have been calculated by quantum mechanics for 

representatives of the 36 modified base pair combinations we classified (Tables 4.2-4.3). To 

investigate the effect of the modifications on the base pairs, we also compared the geometry 

and interaction energy of the modified base pairs with those of the corresponding unmodified 

ones. 

In the following the main findings are reported, while details on geometry and energetics of 

each base pair are given in Supplementary Information. 

4.4.1. Geometric comparison of experimental versus optimized base pairs 

Most of the X-ray geometries were maintained after optimization in the gas phase, indicating 

that they are also stable as isolated base pairs, independently from the structural context. Most 

differences in the H-bond distances between the optimized and experimental pairs are within 

0.26 Å (Table 4.2), which is in the expected range for this kind of calculations (35,36,39-

41,118,123). 

The H-bonding pattern was not maintained in only two cases, m2G:C cWW1(#9) and m5C:G 

tWW(#14). The m5C:G tWW pair is analogous to the well-known and widely characterized case 

of C:G tWW, shown to not be stable as an isolated base pair (41,136) and to be possibly 

stabilized by additional factors in the context of RNA structures (40,45). Due to repulsive amino-

amino and carbonyl-carbonyl contacts, during the gas phase optimization the base pair indeed 
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moves to a bifurcated H-bonding pattern, involving the central section of the G Watson–Crick 

face and the C carbonyl group adjacent to the C1ʹ, which is classifiable as a G–C tWBs. This 

severe geometric rearrangement leads to an RMSD of 1.28 Å for the superposition of the 

optimized vs. the experimentally determined structure (Table 4.2). For m2G:C cWW1, a more 

stable Watson-Crick like arrangement is reached in the optimized structure, which is not 

observed in any of the three experimental occurrences available for this base pair type, 

although no impediment to it seems to exist. Furthermore, the base pair, which is propeller-

twisted in the experimentally observed structure, converges to a planar geometry after 

optimization. The optimized geometry thus significantly deviates from the experimentally 

determined structure with an RMSD of 0.75 Å. 

Only other three base pairs, although maintaining the H-bonding pattern upon optimization, 

undergo a conformational rearrangement resulting in RMSD values for superimposition of the 

experimental and optimized structures above 0.50 Å. Two of them, m5U:G tWH1(#16) and 

H2U:G cHS1(#20), are characterized by a single H-bond and feature a significant rearrangement 

of the bases around the axis of the single H-bond. In particular, the m5U:G tWH1 base pair, 

undergoes an opening of its single H-bond, which is elongated by 0.49 Å (the RMSD for 

superimposition being 0.54 Å). The elongation in the N3(m5U)-N7(G) distance is probably 

consequence of the repulsion between the negatively charged O2(m5U) and O6(G) atoms, only 

2.55 Å apart in the experimental structure. As for the H2U:G cHS1 pair, which assumes 

experimentally a planar geometry, after optimization it loses planarity with the two bases 

becoming almost perpendicular, while the single N2(G)-O4(H2U) H-bond is elongated by 0.47 Å. 

Such rearrangement also implies a shortening of the distance between the two C1ʹ atoms, from 
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6.3 to 5.3 Å. This value is not realistic for two consecutive nucleobases, (this is indeed a 

dinucleotide platform), therefore we decided to simulate the entire two nucleotides, with their 

ribose-phosphate backbone. As a result, we found a C1ʹ-C1ʹ distance of 7.16 Å, although a 

similar elongation in the N2(G)-O4(H2U) H-bond, by 0.54 Å, and an optimized geometry 

substantially propeller twisted was observed. 

The remaining base pair undergoing a significant geometric rearrangement upon optimization is 

m2,2G:A cWW(#10). The optimized geometry of m2,2G:A cWW is more propeller-twisted than 

the experimental one, to avoid the steric repulsion between the methyl groups on N2 of m2,2G 

and the hydrogen on the C2 atom of the adenine. The RMSD value for the experimental vs. 

optimized geometry is 0.51 Å. 

4.4.2. Geometric comparison of optimized modified versus optimized unmodified base pairs 

We also compared the geometries of optimized modified pairs with those of the corresponding 

optimized unmodified pairs. Most differences in the H-bond distances are within 0.27 Å, 

whereas the RMSD values for best superimposition are within 0.22 Å (Table 4.2). The only base 

pair largely deviating from its optimized unmodified counterpart is H2U:G cHS1(#20) (RMSD of 

1.27 Å). However this is a base pair maintained by one only H-bond, and a significant 

rearrangement was also observed between the experimental and optimized geometries. 

Moderate geometric rearrangments were observed in other four cases: m1A:A tHW(#1), m2G:C 

cWW1(#9), m2,2G:A cWW(#10), Ψ:A cHW(#23) (RMSD values in the range 0.36-0.55 Å). These 

findings indicate that modifications do not usually have a dramatic impact on the geometry of 

the base pairs they participate in. 
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4.4.3. Interaction Energies of Modified base pairs 

Interaction energies are not surprisingly quite variable, as they are the result of multiple 

factors, such as the base pair geometry, the nucleobase identity, and the type of modification 

itself (see Table 4.3). The lowest EInt value, -8.6 kcal/mol, was recorded for H2U:G tHS1(#20), 

characterized by a single H-bond. The highest EInt value of -37.2 kcal/mol was instead obtained 

for the m7G:C cWW(#11) pair, characterized by a regular Watson-Crick geometry with three H-

bonds, and enforced by a positive charge on the G pair. As a general trend, modified pairs with 

the modification introducing a positive charge (m1A and m7G) possess the highest interaction 

energies, ranging from -19.7 to -37.2 kcal/mol. Not surprisingly, the base pairs stabilized by a 

single strong H-bond, such as H2U:G cHS1(#20), m5U:G tWH1(#16) and m1G:C tHH1(#6), 

possess EInt as low as -8.6, -9.8 and -10.7 kcal/mol, respectively. 

To have an overall view of the impact of the modifications in tuning the pairs interaction 

energy, the EInt of modified pairs was plotted together with the EInt of the corresponding non-

modified pairs, see Figure 4.8. Analysis is focused on pairs involved in tertiary interactions, since 

they represent the highest fraction of structural motifs containing modified pairs, see Figure 

4.2B. Visual inspection of Figure 4.8 clearly indicates that modifications finely tune the 

interaction energies, allowing the geometry of a specific non canonical interaction to be 

maintained, with a modified stability. For instance, modifications introducing a positive charge, 

such m1A and m7G, enable the m1A:A tHW base pair to reach a stability comparable to that of 
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the non-modified G-G tHW pair, or the m7G:G tWH pair to reach a stability comparable to that 

of the strongest canonical G:C WC pair. 

 

 

 

Figure 4.8 Trend in the interaction energies, EInt, in kcal/mol, of base pairs involved in tertiary 

interactions and containing at least one modified base (blue columns). The red columns report 

the EInt values calculated for the corresponding unmodified base pairs. 

4.4.4. Interaction energies comparison between modified and unmodified base pairs 

To investigate the stabilizing/destabilizing effect of modifications on the corresponding base 

pairs, we calculated the modification energy, EMod, that is the difference between the 

interaction energy of the modified and unmodified base pair (see Materials and Methods). EMod 

is defined so that a negative sign means that the modification stabilizes the base pair and vice 
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versa. The calculated EMod values, reported in Table 4.3 and Figures 4.3-4.7, range from -15.1 

kcal/mol, in m7G:G tWH(#12), with the modified base pair strongly stabilized by the positive 

charge introduced by the m7G  modification, to 9.4 kcal/mol in m2G:C cWW1(#9), with the 

modified base pair presenting one H-bond less compared to the unmodified pair, as a 

consequence of the m2G modification. Nevertheless, in most of the cases the impact of the 

modification on the base pair stability is moderate, lying within 2 kcal/mol. As a general trend, 

methylations that introduce a positive charge on the base pairs are highly stabilizing. 

Conversely, methylations that introduce no charge on base pairs are marginally stabilizing. 

Similarly, hydrogenation and thiolation of the bases results in marginal increase in the stability 

of the base pairs. It is interesting to point out that, when focusing on the H-bonded bases, the 

Ψ modification seems rather to have a destabilizing than a stabilizing effect (see Conclusions). 

To rationalize whether the stabilizing effect of methyl groups not introducing charges is due to 

inductive effects (through the σ-bonds skeleton of G/C/U), or to additional stabilizing dispersion 

interactions upon methylation, we compared the EMod values obtained by B3LYP, the approach 

used in the geometry optimizations, with values obtained by the B3LYP-D3 method, which 

includes an explicit term to account for dispersion interactions (32), for some exemplary cases. 

The selected test cases were: the m2G:U cWW (#7), m2G:C cWW (#8), m5C:G cWW (#13) and 

m5U:G cWW (#16) base pairs. The slight difference in the EMod calculated with the two methods, 

-0.1 for m2G:U cWW, m5C:G cWW and m5U:G cWW and -0.2 kcal/mol for m2G:C cWW, indicates 

that dispersion interactions contribute to a minor extent to the stability of the modified base 

pairs. Similar decomposition of the EInt of the above base pairs between the Hartree-Fock and 
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MP2 contribution terms, normally associated to the H-bond and to the dispersion interaction 

terms, also supports this conclusion. 

 

4.4.5. Geometry and interaction energy of base pairs involving non-natural modifications 

observed in X-ray structures 

As for the 9 base pairs presenting non-natural modifications, they are mostly found in regular 

stems. They are also stable as isolated base pairs and their optimal geometries are highly 

similar to the experimental ones, but for the two of them having a ribose directed involved in 

H-bonds. As for the interaction energies, in most of the cases we investigated, a small stabilizing 

effect was observed, whose entity is comparable or higher than that of most of the neutral 

natural modifications we investigated, ranging between -0.44 and -0.04 kcal/mol, with the 

exception of 5BrU:A cW(r)S (#7’) and 5BrC:G cWW (#1’) with EInt of  +0.04 +0.43 kcal/mol. To 

test if the more polarizable halides could result in a greater contribution of dispersion 

interactions to EMod, relative to the case of methyl modified base pairs, we compared the EMod 

calculated with the B3LYP and the B3LYP-D3 methods for an exemplary case, specifically for the 

5BrU:G cWW (#3’) base pair. Nevertheless, also in this case we found that dispersion 

interactions contribute to a minor extent to the stability of the modified base pair, since the 

B3LYP-D3 EMod is less than -0.1 kcal/mol lower than EMod calculated at the B3LYP level. 

 

4.5 Conclusions of the Present Study 
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We investigated the optimal geometry and energetics of 36 distinct types of base pairs, out of 

which 27 were characterized by the presence of naturally modified nucleobases and 9 base 

pairs presenting non-natural modifications. 

Naturally modified base pairs were observed with variable frequency in experimentally 

determined structures of RNA molecules available in the PDB. They were particularly common 

in tRNAs, and were also found in ribosomal RNAs, ribozymes, snRNAs, and in various synthetic 

constructs. Eleven different natural modifications were included in our analysis, comprising 

neutral and positively charged, single and double methylated, thiolated, reduced and 

isomerized nucleobases. The geometries of these base pairs were very variable and involved all 

the possible pairing edges, Watson-Crick, sugar and Hoogsteen. A classical Watson-Crick pairing 

was only observed for 8 types of base pairs. Remarkably, 15 base pair types out of the 27 

naturally modified ones have a trans orientation, i.e. opposite to the cis arrangement of the 

base pairs in the “canonical” (antiparallel-stranded) double helix. These base pairs were indeed 

observed to be located in a variety of tertiary motifs, such as pairs and triplets corresponding to 

tRNA tertiary interactions, the single base pair in the lonepair tri-loop motif corresponding to 

tRNA T-loop and 25/26 junction in domain II of 23S rRNA, as well as mediating the interaction 

between the 23S domains IV and V and between 23S rRNA itself and a tRNA molecule on the 

ribosome from H. marismortui. 

Below, we present general conclusions of this study related to the structure and energetics. 

i) 9 out of the 10 examined modifications that introduce an additional methyl group, which is 

not engaged in repulsive steric interaction with the other base and does not introduce a 
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positive charge (namely m6
6A, m1G, m2G, m5C and m5U), slightly stabilize the base pair, with an 

EMod within -1.2 kcal/mol. Comparison of the B3LYP and B3LYP-D3 energies indicated that 

dispersion interactions contribute to a minor extent to the modified base pair stability, thus 

suggesting that the main driving force is in the H-bonding term. The ability of methylated bases 

to form stronger H-bonds can be related to the inductive effect of the added electron-donating 

methyl group, which reinforces the H-bond acceptor capability of the base pair. For example, 

the added methyl on m5U increases slightly, by -0.01e, the negative charge on the O2 and O4 

atoms. The only case where methylation reduces the stability of the base pair, by 0.2 kcal/mol 

only, is for the m5U:G tWH1(#16) base pair. However, in this case the base pair presents a single 

H-bond, and m5U is engaged as a H-bond donor, while the added methyl enhances the H-bond 

accepting capability of the base. 

(ii) Modifications introducing steric clashes with the interacting base, like the G to m2,2G 

modification in m2,2G:A cWW(#10), destabilize the corresponding base pairs. This is in line with 

a current view that modifications can stabilize functional RNA structures either by specifically 

contributing stability to a secondary or tertiary interaction (45,137-139), or by preventing 

certain pairings (usually Watson-Crick) that would otherwise lead to non-functional 3D 

structures (140-144). Often this impediment of an alternative pairing is due to a large steric 

hindrance on the modified base pair affecting its pairing potential. For instance, specifically 

m2,2G at position 26 has been proposed to prevent potential misfolding of human tRNA(Asn) by 

preventing G26 from forming a Watson-Crick pair with C11 (140). 
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iii) Modifications that introduce a positive charge, like m1A or m7G, strongly stabilize the 

corresponding base pairs, with EMod in the -6.0 to -15.1 kcal/mol range in the five examined 

cases. This includes the case of m1A:A tHW(#1), in the T-loop of yeast initiator tRNA, where the 

m1A modification at position 58 is known to protect the RNA molecule from degradation 

(126,127). The stabilizing effect of positively charged modified nucleobases on H-bonding had 

already been reported by us (39,41,45), and mainly derives from improved electrostatic 

interaction between electron density on the unmodified neutral base with the positive charge 

on the modified base. 

iv) The effect of the Ψ modification is easily rationalized considering that structurally similar 

base pair geometries (e.g the U:A and Ψ:A cWW) require that the H-bond involving the N1(A) 

donor is engaged with the O2 and the O4 H-bond acceptors, in U and Ψ, respectively. This 

change in the H-bond acceptor results in a less stable Ψ:A cWW base pair, since the O2 atom, 

with an atomic charge of -0.71e in U, is a better H-bond acceptor than the O4 atom, with an 

atomic charge of -0.68e. Similar reasoning explains the effect of the modification in the all the 

other investigated base pairs involving Ψ, but for the Ψ:C cS(r)W(#27) and the Ψ:G tBsW(#25) 

pairs, as the first incorporates the ribose and the second presents a bifurcated H-bond only, 

thus making the analysis more complex. In the Ψ:G cWW(#26) base pair (here O4 of U is 

replaced by O2 in the modified base pair), the modified base pair is engaged in the H-bonding 

through the better H-bond acceptor O4, which immediately explains its higher stability. These 

base concepts can also be applied to explain the decreased stability of Ψ:U tWW(#24). The Ψ:A 

cHW pair represents instead a special case, as substituting the Ψ with an unmodified U in the 

same orientation means losing one H-bonding donor, N1, which is substituted by C5. The H-
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bonding acceptor O2 is instead substituted by an “equivalent” O4. Therefore, energy 

optimization of U:A cHW results in an opening of the base pair from the minor groove with a 

remarkable elongation of the C5(U)-N1(A) distance (it was N1-N1 in Ψ), by 0.75 Å. The Ψ:A cHW 

pair, with one more H-bond than its unmodified counterpart, is clearly more stable, with an 

EMod of -6.9 kcal/mol. It is interesting that, when focusing on the H-bonded bases, the Ψ 

modification seems rather to have a destabilizing than a stabilizing effect. Pseudouridine is 

usually reported to improve the RNA stability (145-149), however its stabilizing effect is known 

to be related to stacking interactions and a water-mediated H-bonds between to N1 (its 

additional H-bond donor) and the RNA backbone (150,151), factors not considered here. 

v) The H2U modification, with the hydrogenation of the C5-C6 bond, results in a deformation 

from planarity of the base, with the N1-C6-C5-C4 and N1-C2-N3-C4 dihedral angles in H2U 

roughly -50° and -10°, respectively, versus nearly perfect planarity in unmodified U. This 

deformation reduces the propensity of H2U to engage in perfectly planar base pairs, and even 

H2U:U tWW(#19) assumes a twisted propeller conformation. In terms of H-bond propensity, 

reduction of conjugation to the N1-C2-N3-C4 atoms reinforces the H-bond accepting capability 

of both the O4 and the O2 atoms, by increasing their negative partial charge by roughly -0.01e. 

This may explain the slightly higher stability of the base pairs including H2U. 

vi) The halide modification on uracil has stabilizing effect (with the exception of 5BrU:A 

cS(r)W(#7’) and 5BrU:A cS(r)H(#6’) pairs, which incorporate the ribose). The only base pair we 

observed with a halogenated cytosine was instead destabilized by the modification. Similar EMod 

calculated at the B3LYP and B3LYP-D3 levels indicates that, like methylation, dispersion 
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interactions have a minor role in determining the modified base pair stability, thus suggesting 

that the impact of the halide can be explained considering its inductive effect. Halides are 

electron-withdrawing substituents, thus depleting electron density from the aromatic ring. This 

makes the O and N atoms in the ring poorer H-bond acceptors, while making the N-H groups 

better H-bond donors. In line with this scheme, the destabilizing effect of bromination in 

5BrC:G cWW(#1’) is explained considering that 5BrC participates in the H-bonding through the 

N3 and O2 H-bond donors, which are poorer donors compared to the same atoms in 

unmodified C, while the exocyclic N4-H group would instead stabilize the base pair. The 

stabilizing effect of the halide when 5BrU and 5BrI are involved can similarly be explained 

considering that they are engaged in the H-bonding through the endocyclic N3-H group, which 

is a better H-bond donor compared to the same atom in non-modified U. Non-natural 

modifications thus do not have a negligible effect on the energetics of base pairs hosting them, 

indicating that they could have an impact on the RNA folding analogous to those induced by 

naturally occurring modifications. This should be taken into account when using them in 

crystallographic studies. 

 

 

 

Table 4.1 Modified base pairs with relative base pairing geometry (Geom.), occurrences (Occ.), 

position in the selected X-ray structure and chain (Pos./chain), RNA molecule and source. a) 

Group 1 intron. b) A mammalian consensus sequence has been obtained. c) Synthetic. 



125 
 

 
Nt symbol; name Mod-bp Geom. Occ. Pos./chain  

PDB-ID;  

res (Å) 
RNA Source 

 Adenine        

1 m1A; 1methyl A m1A:A tHW 1 58: 54 (A) 1YFG; 3.00 tRNA(iMet) S. cerevisiae 

2 m1A;1methyl A m1A:U tHW(w) 44 628:624;w3446 (0) 1VQ5; 2.60 23S rRNA H. marismortui 

3 m1A;1methyl A m1A:U tHW 1 58:54 (B) 1OB2; 3.35 tRNA(Phe) E. coli 

4 m1A;1methyl A m1A: m5U tHW 19 58:54 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

5 m6
6A;N6,N6-Dimethyl-A m6

6A:G tS(w)S(r) 1 76: 2618 (4:0) 1VQ6; 2.70 23S rRNA H. marismortui 

 Guanine        

6 m1G; 1-methyl G m1G:C tHH1 1 9:23 (A) 1YFG; 3.00 tRNA(iMet) S. cerevisiae 

7 m2G; N2-methyl G m2G:U cWW 1 6:67 (A) 1FIR; 3.30 tRNA(Lys,3) B. taurus 

8 m2G; N2-methyl G m2G:C cWW 23 10:25 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

9 m2G; N2-methyl G m2G:C cWW1 3 10:25 (B) 1OB5; 3.10 tRNA(Phe) E. Coli 

10 m2
2G;N2,N2dimethyl G m2

2G:A cWW 20 26:44 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

11 m7G; 7-Methyl G m7G:C cWW 7 527:522 (A) 4DR2; 3.25 16s-rRNA T. thermophilus 

12 m7G; 7-methyl G m7G:G tWH 27 46:22 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

 Cytosine        

13 m5C; 5-methyl C m5C:G cWW 57 40:30 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

14 m5C; 5-methyl C m5C:G tWW 3 548:515 (Y) 2DLC; 2.40 tRNA (Tyr) S. cerevisiae 

 Uracil        
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4 m5U; 5-Methyl U m5U: m1A tWH 19 54:58 (A) 1EHZ; 1.93 tRNA(Phe) S. cerevisiae 

15 m5U; 5-Methyl U m5U:A tWH 38 654:658 (B) 1C0A; 2.40 tRNA(Asp) E. Coli 

16 m5U; 5-Methyl U m5U:G tWH1 2 54:58 (T) 1H4S; 2.85 tRNA(Pro) T. thermophilus 

17 m5U; 5-Methyl U m5U:G cWW 2 1:10 (D:B) 1U6B; 3.10 Ribozymea  Azoarcus sp.BH72 

18 s4U; 4-Thio U s4U:A tWH 21 608:614 (B) 1C0A; 2.40 tRNA(Asp) E. coli 

19 H2U; 5,6 di-hydro U H2U:U tWW 12 916:959 (C) 1IL2; 2.60 tRNA(Asp) S. cerevisiae 

20 H2U; 5,6 di-hydro U H2U:G cHS1 1 620:619 (B) 1C0A; 2.40 tRNA(Asp) E. coli 

21 H2U; 5,6 di-hydro U H2U:G tWS 1 20A:15 (T) 1SER; 2.90 tRNA(Ser) T. thermophilus 

22 Ψ; Pseudouracil Ψ:A cWW 24 6:21 (A:B) 3CGP; 1.57 U2 snRNA Mammalian1  

23 Ψ; Pseudouracil Ψ:A cHW 1 39:31 (D) 1TTT; 2.70 tRNA(Phe) S. cerevisiae 

24 Ψ; Pseudouracil Ψ:U tWW 45 2621:1838 (0) 4HUB; 2.40 23S rRNA H. marismortui 

25 Ψ; Pseudouracil Ψ:G tBsW 48 955:917 (C) 1IL2; 2.60 tRNA(Asp) S. cerevisiae 

26 Ψ; Pseudouracil Ψ:G cWW 14 6: 20 (A:B) 3CGS; 1.65 U2 snRNA Mammalianb  

27 Ψ; Pseudouracil Ψ:C cS(r)W 7 516:519 (A) 4DR2; 3.25 16S rRNA T. thermophilus 

 Non-natural        

1’ 5BrC; 5-Bromo C 5BrC:G cWW 16 3:29 (A:B) 1QBP; 2.10 synthetic N/A 

2’ 5BrU; 5-Bromo U 5BrU:A cWW 95 2:22 (A) 1ZCI; 1.65 viral genome HIV-1 

3’ 5BrU; 5-Bromo U 5BrU:G cWW 16 142:155 (B) 1JID; 1.80 SRP RNA H. sapiens 

4’ 5BrU; 5-Bromo U 5BrU:5BrU cWW 2 5:21 (C) 1RLG; 2.70 snoRNA (box C/D) A. fulgidus 

5’ 5BrU; 5-Bromo U  5BrU:A cWH 1 38:7 (A) 1KH6; 2.90 viral genome HCV 

6’ 5BrU; 5-Bromo U  5BrU:A cS(r)H 1 37:6 (A) 1KH6; 2.90 viral genome HCV 
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7’ 5BrU; 5-Bromo U  5BrU:A cW(r)S 1 11:26 (A) 1F1T; 2.80 RNA aptamerc N/A 

8’ 5IU; 5-Iodo U 5IU:A cWW 13 13:2 (D:C) 464D; 1.23 synthetic N/A 

9’ 5IU; 5-Iodo U 5IU:G cWW 4 6:4 (C:D) 1YVP; 2.20 synthetic N/A 
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Table 4.2  H-bond lengths of the optimized base pairs in the gas phase at the B3LYP level and RMSD values for the heavy atoms 

superimposition on the corresponding X-ray structure. MP stands for Modified base pair, and UP stands for unmodified base pair. 

 Base pair H-bond length X-ray/MP/UP H-bond length X-ray/MP/UP H-bond length X-ray/MP/UP 

RMSD (Å) Mod 

vs. X-ray 

Mod vs. Unmod. 

 Adenine           

1 m
1
A:A tHW N6(A)-N7(m

1
A) 2.76/3.11/3.00 N6(m

1
A)-N1(A) 2.78/2.75/3.00    0.23/0.38 

2 m
1
A:U tHW(w) N3(U)-N7(m

1
A) 3.05/3.28/3.04 N6(m

1
A)-O(w) 2.74/2.69/2.93 O(w)-O2(U) 2.67/2.71/2.77 0.26/0.22 

3 m
1
A:U tHW N6(m

1
A)-O2(U) 3.17/2.74/3.00 N3(U)-N7(m

1
A) 2.88/2.91/2.84    0.24/0.09 

4 m
1
A:m

5
U tWH N3(m

5
U)-N7(mA) 2.92/2.91/2.84 N6(m

1
A)-O2(m

5
U) 3.25/2.72/3.00    0.21/0.10 

5 m
6

6A:GtS(W)S(r) O2’(G)-N1(m
6

6A) 2.89/2.86/2.82 C2(m
6

6A)-N3(G) 3.20/3.31/3.29 N2(G)-N3(m
6

6A) 2.79/3.16/3.22 0.45/0.16 

 Guanine           

6 m
1
G:C tHH1 N4(C)-N7(m

1
G) 2.83/3.12/3.14       0.00/0.02 

7 m
2
G:U cWW N3(U)-O6(m

2
G) 3.17/2.84/2.84 N1(m

2
G)-O2(U) 2.82/2.84/2.83 N2(m

2
G)-O2(U) 3.18/3.56/3.59 0.27/0.05 

8 m
2
G:C cWW N4(C)-O6(m

2
G) 2.84/2.79/2.79 N1(m

2
G)-N3(C) 2.92/2.96/2.95 N2(m

2
G)-O2(C) 2.93/2.93/2.92 0.09/0.01 

9 m
2
G:C cWW1 N1(m

2
G)-O2(C) 3.19-/- N4(C)-O6(m

2
G) -/2.80/2.79 N1(m

2
G)-N3(C) -/3.40/2.95* 0.75/0.49 

10 m
2

2G:A cWW N6(A)-O6(m
2

2G) 2.75/2.84/2.85 N1(m
2

2G)-N1(A) 3.24/3.04/2.97    0.51/0.55 

11 m
7
G:C cWW N4(C)-O6(m

7
G) 3.08/2.94/2.79 N1(m

7
G)- N3(C) 2.70/2.89/2.95 N2(m

7
G)O2(C) 2.50/2.76/2.92 0.21/0.08 

12 m
7
G:G tWH N1(m

7
G)-N7(G) 2.87/2.83/2.89 N2(m

7
G)-O6(G) 3.00/2.83/3.15    0.22/0.17 

 Cytosine           
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13 m
5
C:G cWW N4(m

5
C)-O6(G) 3.36/2.79/2.79 N1(G)-N3(m

5
C) 3.05/2.95/2.95 N2(G)-O2(m

5
C) 2.69/2.91/2.92 0.34/0.01 

14 m
5
C:G tWW N1(G)-O2(m

5
C) 2.85/2.84/2.85 N2(G)-O2(m

5
C) -/3.00/3.01 N2(G)-N3(m

5
C) 2.79-/- 1.28/0.01 

 Uracil           

14 m
5
U: m

1
A tWH N3(m

5
U)-N7(m

1
A) 2.92/2.91/2.84 N6(m

1
A)-O2(m

5
U) 3.25/2.72/3.00    0.21/0.10 

15 m
5
U:A tWH1 N3(m

5
U)-N7(A) 2.77/2.84/2.84 N6(A)-O2(m

5
U) 3.18/2.99/3.00    0.20/0.00 

16 m
5
U:G cWW N3(m

5
U)-O6(G) 2.56/2.85/2.84 N1(G)-O2(m

5
U) 2.82/2.82/2.83    0.28/0.01 

17 m
5
U:G tWH N3(m

5
U)-N7(G) 2.51/3.00/3.00       0.54/0.01 

18 s
4
U:A tWH N3(s

4
U)-N7(A) 2.60/2.91/2.84 N6(A)-O2(s

4
U) 2.79/2.94/3.00    0.18/0.12 

19 H2U:U tWW N3(H2U)-O2(U) 2.66/2.90/2.89 N3(U)-O2(H2U) 2.66/2.87/2.89    0.30/0.20 

20 H2U:G cHS1 N2(G)-O4(H2U) 2.49/2.96/2.92       1.08/1.27 

21 H2U:G tWS N3(H2U)-N3(G) 3.21/3.10/3.10 N2(G)-O2(H2U) 2.63/2.87/2.89    0.33/0.13 

22 Ψ:A cWW N6(A)-O2(Ψ) 2.90/2.95/2.92 N3(Ψ)-N1(A) 2.85/2.88/2.88    0.12/0.05 

23 Ψ:A cH:W N6(A)-O2(Ψ) 3.262.89/- N1(Ψ)-N1(A) 2.71/2.91/- N1(A)-O4(U) - /-/3.46 0.30/0.36 

24 Ψ:U tWW N3(U)-O2(Ψ) 2.80/2.87/2.85 N3(Ψ)-O4(U) 2.80/2.86/2.85    0.12/0.06 

25 Ψ:G tBsW N1(G)-O2(Ψ) 2.78/2.94/2.92 N2(G)-O2(Ψ) 2.94/3.09/3.17    0.32/0.09 

26 Ψ:G cWW N3(Ψ)-O6(G) 2.83/2.83/2.84 N1(G)-O2(Ψ) 2.91/2.81/2.83    0.18/0.05 

27 Ψ:C cS(r)W N4(U)-O4(Ψ) 2.77/2.94/2.95 O2’(Ψ)-N3(C) 3.03/2.79/2.77    0.32/0.13 

 Non-natural           

1’ 5BrC:G cWW N4(5BrC)-O6(G) 2.97/2.79/2.79 N1(G)-N3(5BrC) 2.88/2.96/2.95 N2(G)-O2(5BrC) 2.78/2.92/2.92 0.21/0.01 

2’ 5BrU:A cWW N6(A)-O4(5BrU) 2.95/2.95/2.92 N3(5BrU)-N1(A) 2.79/2.86/2.88    0.29/0.02 

3’ 5BrU:G cWW N3(5BrU)-O6(G) 2.73/2.81/2.84 N1 (G)-O2(5BrU) 2.62/2.84/2.83    0.22/0.07 
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4’ 5BrU:5BrU cWW N3(5BrU)-O4(5BrU) 2.79/2.87/2.87 N3(5BrU)-O2(5BrU) 3.36/2.86/2.87    0.35/0.01 

5’ 5BrU:A cWH N6(A)-O4(5BrU) 2.76/2.97/3.00 N3 (5BrU)-N7(A) 2.96/2.83/2.84    0.44/0.02 

6’ 5BrU:A cS(r)H N6(A)-O2(5BrU) 2.86/3.00/2.98 O2’ (5BrU)-N7(A) 2.54/2.75/2.75    1.05/0.04 

7’ 5BrU:A cW(r)S N6(A)-O2(5BrU) 2.95/2.95/2.94 O2’(5BrU)-N1(A) 2.73/2.75/2.75    0.80/0.02 

8’ 5IU:A cWW N6(A)-O4(5IU) 2.94/2.94/2.92 N3(5IU)-N1(A) 2.80/2.86/2.88    0.20/0.02 

9’ 5IU:G cWW N1(G)-O2(5IU) 2.73/2.84/2.83 N3(5IU)-O6(G) 2.75/2.81/2.84    0.22/0.07 

* plus N2(G)-O2(C) 2.92 



Table 4.3 Interaction energies, in kcal/mol, of the modified base pairs, of the corresponding 

unmodified base pair, and of the modification energy Emod. 

 

Parent Base # Base Pair E (modified)  E (unmodified) Emod  

Adenine 1 m
1
A:A tHW -19.74 -12.24 -7.50 

 2 m
1
A:U tHW(w) -31.13 -20.11 -11.02 

 3 m
1
A:U tHW -21.75 -15.72 -6.03 

 4 m
1
A: m

5
U tHW -22.54 -15.79 -6.35 

 5 m
6

6A:G tS(W)S(r) -18.46 -17.24 -1.22 

Guanine 6 m
1
G:C tHH1 -10.67 -10.38 -0.29 

 7 m
2
G:U cWW -15.77 -15.59 -0.18 

 8 m
2
G:C cWW -27.90 -27.02 -0.88 

 9 m
2
G:C cWW1 -17.60 -27.02 9.42 

 10 m
2

2G:A cWW -16.09 -17.19 1.10 

 11 m
7
G:C cWW -37.17 -27.02 -10.15 

 12 m
7
G:G tWH -34.55 -19.43 -15.12 

Cytosine 13 m
5
C:G cWW -27.68 -27.02 -0.66 

 14 m
5
C:G tWW -17.96 -17.49 -0.47 

Uracil 4 m
5
U: m

1
A tWH -22.54 -21.74 -0.80 

 15 m
5
U:A tWH -15.80 -15.72 -0.08 

 16 m
5
U:G cWW -16.00 -15.59 -0.41 

 17 m
5
U:G tWH1 -9.83 -10.08 0.25 

 18 s
4
U:A tWH -16.11 -15.72 -0.39 

 19 H2U:U tWW -11.86 -11.84 -0.02 

 20 H2U:G cHS1 -8.55 -8.29 -0.26 

 21 H2U:G tWS -13.72 -13.66 -0.06 

 22 Ψ:A cWW -14.54 -14.93 0.39 

 23 Ψ:A cHW -16.00 -9.09 -6.91 
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 24 Ψ:U tWW -12.35 -12.77 0.42 

 25 Ψ:G tBsW -12.85 -13.23 0.38 

 26 Ψ: G cWW -16.82 -15.59 -1.23 

 27       Ψ:C cS(r)W -19.44 -21.03 1.59 

Non-natural 1’ 5BrC:G cWW -26.59 -27.02 0.43 

 2’ 5BrU:A cWW -15.35 -14.93 -0.42 

 3’ 5BrU:G cWW -15.96 -15.59 -0.37 

 4’ 5BrU:5BrU cWW -12.63 -12.19 -0.44 

 5’ 5BrU:A cWH -16.41 -15.98 -0.43 

 6’ 5BrU:A cS(r)H -17.31 -17.27 -0.04 

 7’ 5BrU:A cW(r)S -17.89 -17.93 0.04 

 8’ 5IU:A cWW -15.35 -14.93 -0.42 

 9’ 5IU:G cWW -15.91 -15.59 -0.32 
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Chapter 5 

Theoretical Characterization of Structure and Energetics of the Non-Natural 

(Synthetic) Base-Pairs in Nucleic Acid Structures 

In addition to the natural post-transcriptional modifications, present in functional RNA 

molecules, the interest of biochemists has recently been inclined towards the design of non-

natural (synthetic) modifications of the Nucleic acid building blocks to complement the natural 

ones. Synthetically modified nucleosides are being used in numerous applications, such as 

tagging RNAs to probe biological interactions and functions(152), expanding the genetic code, 

probing(152), imparting favourable properties on small interfering RNAs (siRNAs)(153,154), and 

even creating a semi-synthetic oraganism with increased potential for information storage and 

retrieval(155,156). This potential of non-natural modifications explains the intense research 

activity in the area. Modifications of nucleic acid residues can project different substituents 

either in the minor groove (the sugar edge) or the major groove (the Hoogsteen edge) of siRNA 

duplex. Of course, particular interest is considered in the synthesis of nucleobase analogues 

that retains the ‘Watson-Crick’ like pairing, for the duplex stability and recognition by different 

proteins, and affect the major-groove.  In the present chapter, a discussion on four different 

Synthetic modifications of the nucleobase residues has been discussed in the context of 

different applications. The first Synthetic modification deals with the synthesis of two novel 

nucleobase analogues to complement the already existing A/T/G/C alphabet present in DNA 

molecule. The two novel alphabets are proposed to expand the genetic code.  
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The second synthetic modification deals with the substitution within the heterocyclic ring of the 

Adenosine residue for the biorthogonal applications, in the context of RNA structures. The third 

modification deals with the theoretical characterization of structures and energetics of the 

recently experimentally proposed Novel emissive RNA alphabet for fluorescent applications. 

Finally, the forth section here reports the theoretically proposed novel alphabet for Emissive 

RNA alphabet system.  

5.1 Non-Natural base pairs in Expansion of Genetic Alphabet: A Case study of Z:P base pairs 

5.1.1 Introduction 

During the last three decades, a series of nucleotide analogues for the expansion of the genetic 

code have been reported mainly by the groups of Kool, Hirao, Benner and Romesberg,(157-

177). The prerequisite feature of the non-natural nucleotides introduced in DNA is their 

recognition by the natural enzymes machinery, which should be able to replicate it, as well as 

to transcribe the non-natural DNA into a non-natural RNA containing extra ribonucleotides. This 

would ideally allow increasing the number of codons that, in turn, could encode proteins 

containing non-natural amino acids. Most of the reported non-natural nucleotides(173,178-

180) lack the capability to form H-bonded pairs with other nucleotides, and deviate 

substantially from the concept of Watson-Crick base pairing, that is required for maintain the 

nucleic acid duplex like structure. For example, non-standard nucleobases d5SICS and dNaM 

intercalate in duplex DNA, rather than lying coplanar, which leads to significant distortion of a 

regular double helical structure of DNA, and the edge-on interaction is only enforced when 

duplex DNA interacts with polymerase.(178-180)  
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This weakness of the single non-natural nucleotide is overcome by the synthesis of the Z:P base 

pair, composed by 6-amino-5-nitro-2(1H)-pyridone (Z) and 2-amino-imidazo [1,2-a]-1,3,5-

triazin-4(8H)-one (P), see Figure 5.1.1, which combines with the four naturally occurring DNA 

bases to form a six letters DNA alphabet.(181,182) The Z:P pairing is orthogonal to pairing in 

standard bases, as only the hydrogen bonding units are shuffled.(181,182) It is to be remarked 

that DNA containing these Z and P non-natural bases can be amplified by polymerase with very 

high fidelity (99.8% per cycle).(181,182)  This fidelity is due to the fact that Z and P nucleotides 

form natural stacking interaction, which is highly similar to the ones adopted by Watson-Crick 

pairs.(181,182) This allows the incorporation of multiple non-natural base pairs adjacent to one 

another, without perturbing the fundamental DNA duplex structure.(182) Moreover, it has also 

been shown that Z:P-containing DNA can adopt both the A- and the classical B-form 

structures.(182) Finally, a RNA riboswitch with a Z:P pair replacing a C:G pair has also been 

recently shown to preserve its conformation and ligand affinity.(183) From the structural point 

of view, the minor groove of the Z:P base pair is very similar to that of natural A:T and G:C base 

pairs, thus these non-natural base pairs could efficiently interact with polymerases.(181,182) A 

unique feature associated with Z:P containing DNA is imparted by the Z-nitro group present at 

the major groove of the Z base, which could potentially be exploited for recognition by 

proteins.(181,182) Moreover, it was suggested that the strong electron withdrawing nitro 

group stabilizes the nucleoside derivatives against epimerization,(184) and that it could 

influence both the H-bonding and the stacking potential in the DNA structure.  
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Figure 5.1.1. Structure of (a) G-C base pair; (b) Z-P base pair; (c) Z-P base pair with different 

functionalities (X) introduced at C5 position of Z base, with the values of the Hammett constant 

characterizing each substituent.  

Nevertheless, all these considerations lack a formal quantification based on electronic structure 

methods, which proved extremely useful to characterize bases pairing and stacking in natural 

nucleic acids.(35-41,45,55,116-118,123,185-187) To fill this gap and to complement the 

reported structural studies,(182) we decided to perform quantum mechanics calculations. 

Following an approach we used to evaluate the impact of natural modifications on H-bonding 

base pairing,(185,186) we initially focused on the effect of the modification on the geometry 

and energetics of the base pair, and compared them with the natural G:C Watson Crick pair. 

The final goal is to understand to which extent the non-natural Z:P pair differs from the G:C 

pair, since the H-bond pairing has to respect stability criteria, balancing between a too weak 
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pairing, that could induce instability in the non-natural DNA, and a too strong pairing, that 

could result in difficult processability by the enzyme machinery.  

Furthermore, to have a better understanding of the dependence of the H-bonding capability of 

the Z:P base pair on the nature of the substituent at the C5 position, we also analyzed the 

modified Z base bearing functional groups possessing different electronic properties, which can 

be quantified by the values of the Hammett constant, σP.(188)  The first two functional groups 

we studied are the cyano (-CN) and the trimethyl-fluoride (-CF3) groups, which are strong 

electron withdrawing as the nitro group, and have been previously studied extensively for 

different applications in context of nucleic acid structures.(189-192) Infact, the 5-CN-Z:P base 

pair has been  experimentally studied to look at the influence of a different electron 

withdrawing group (cyano versus nitro) on epimerization and enzymatic incorporation of 

substituted Z:P pair.(193)  Next, we focused on the less electron withdrawing formyl (-CHO) and 

carboxyl (-COOH) groups, that also preserve the intramolecular H-bond, similar to the one 

observed between the amino and the nitro group in the parent Z base, see Figure 5.1.3. These 

formyl and carboxyl moieties have also been very well studied in case of epigenetic 

modifications, in particular C5 atom modification of cytosine in the context of DNA 

structures.(194,195) Next, we focused on the electron donating methoxy (-OMe) and amino (-

NH2) group at the C5 position, as -NO2 and NH2 are at the extremes of the Hammett scale,(188) 

which measures the electron donor and withdrawing capability of substituents. This will allow 

us to understand to which extent the electronics and the H-bonding properties of the Z base 

can be tuned. Finally, the analysis is completed by considering the impact of a halide 
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substituent, F, Cl and Br, on the C5 atom of the Z base, again to examine the influence of 

functional groups that can differently impact the electron density on the base. For all these 

systems we considered the classic Watson-Crick (cWW) geometry, and studied the systems 

both in gas phase and in water. As a final remark, we also studied the modeled Z:P tWW base 

pair, that can be accommodated in parallel stranded nucleic acid structures. 

 

 

Figure 5.1.2. Structure of: Guanine, G; 2-amino-imidazo [1,2-a]-1,3,5-triazin-4(8H)-one, P; 

Isoguanine, iG; Iso-P, iP; Cytosine, C; 6-amino-5-nitro-2(1H)-pyridone, Z; Isocytosine, iC; Iso-Z, iZ. 

 

Modeling the interaction system. We first focused on studying the impact on H-bonding of a 

novel Z:P pair compared to the classical G:C pair. For this, we just took into account the 6-
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amino-5-nitro-2(1H)-pyridone heterocycle (Z) H-bonded to the 2-amino-imidazo[1,2-a]-1,3,5-

triazin-4(8H)one heterocycle (P) (i.e. Z:P cWW). Next, we studied the impact of different C5 

substituents on the ‘Z’ moiety that is H-bonded to ‘P’. Next, to study the impact of the electron 

withdrawing nitro group on the H-bonding stability of Z:P base pair, we replaced the nitro group 

with a hydrogen, forming 5-H-Z:P base pair. Finally, the effect on the C5 position of the Z-

moiety of different substituents, namely -CN, -CF3, -COOH, -CHO, -OMe, –NH2, -F, -Cl and -Br, 

was also studied (see Figure 5.1.1) giving rise to the 5-CN-Z:P, 5-CF3-Z:P, 5-COOH-Z:P, 5-CHO-

Z:P, 5-OCH3-Z:P, 5-NH2-Z:P, 5-F-Z:P, 5-Cl-Z:P, 5-Br-Z:P base pairs (see Figure 5.1.3). The 

coordinates of the modeled geometries of the base pair corresponding to G:C cWW and Z:P 

cWW were built from the crystallographic structure with PDB ID: 4XNO.(196) For other base 

pairs, respective functionalities were introduced at the C5 position of the ‘Z’ base. Thus, in 

total, we modeled 10 different combinations of the non-natural modified base pair systems. 

The glycosidic bonds of the described base pairs are disposed in the ‘cis’ orientation, which 

corresponds to the geometry pertinent to antiparallel stranded (aps) DNA structure.  

To study the impact of the Z:P pair on the parallel stranded nucleic acid structures, in addition 

to the above described calculations, we also modeled the Z:P base pair considering a ‘trans’ 

orientation of the glycosidic bonds. It has to be remarked that, for building the parallel stranded 

nucleic acid, isoguanine-cytosine and/or guanine-isocytosine pairs have been used instead of 

the standard guanine-cytosine pair.(197-201) Therefore, for similarity to isoguanine (iG) and 

isocytosine (iC), we modeled isoP and isoZ, where the carbonyl and amino groups have been 

flipped with respect to the geometry of ‘P’ and ‘Z’ respectively, see Figure 5.1.2. Thus, two base 



140 
 

pairs were considered. The former being iZ:P tWW, the latter being iP:Z tWW. Finally, to study 

the impact of the nitro group present on the C5 atom of Z, we replaced the nitro group with a 

hydrogen atom. In total, 6 modified base pairing combinations that can be accommodated in 

parallel stranded nucleic acids were modeled. For all the model systems described above, the 

base pairs are truncated at the C1’ atom of the ribose. This is the standard approach used in 

literature.  

5.1.2 Results and Discussion 

Ten different modifications of 6-amino-5-nitro-2(1H)-pyridone heterocycle (Z) on the 

‘Hoogsteen edge’ have been investigated, all of them being derivatives of Z. Optimal 

geometries and energetics of the base pairs they form with 2-amino-imidazo[1,2-a]-1,3,5-

triazin-4(8H)one heterocycle (P), in a classical ‘cis’ Watson-Crick (cWW) geometry, have been 

calculated in the gas phase and in water. Table 5.1.1 summarizes calculated energies for the 

investigated base pairs. Optimal geometry for the cis Watson-Crick base pairs is shown in Figure 

5.1.3, where H-bonding distances in gas and in water are also shown.  
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Figure 5.1.3 Stick representation of the base pairs including a modified ‘Z’ base H-bonded to ‘P’ 

in the cWW geometry. The values in parenthesis correspond to the optimized distances in 

water and values without parenthesis correspond to optimized distances in the gas phase. All 

distances are in Ǻ.  

 

5.1.3 Structural and Energetic Comparison between Z:P cWW and  G:C cWW base pair.  

The geometry of non-natural Z:P cWW pair is orthogonal to standard G:C pair, as the hydrogen 

bonding units are only shuffled. Focusing on the overall geometry, the optimized Z:P cWW base 

pair is almost similar to the classical G:C cWW pair in terms of H-bonding, with differences in H-

bond lengths within 0.02 Å. Similarly, the C1’-C1’ distance (which gives an indication of the 
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isostericity of H-bonded base pairs),(22,77) of the optimized geometries of Z:P and G:C pairs is 

almost identical (10.78 Å versus 10.71 Å, respectively). Remarkably, the interaction strength of 

the Z:P cWW pair is extremely similar to that of the G:C cWW pair, with EMod of 0.21 kcal/mol 

and -0.19  kcal/mol in the gas phase and in water, respectively, clearly indicating the 

comparable stability of the Z:P versus the G:C base pair.  

A hypothetical geometry of the Z:P base pair in the tWW orientation has also been studied, 

which corresponds to a geometry pertinent to parallel stranded nucleic acid molecules. For 

construction of a parallel stranded nucleic acid, isoguanine-cytosine (iG:C) and/or guanine-

isocytosine (G:iC) pairs have been employed instead of the standard guanine-cytosine (G:C) 

base pair.(197-201) Similarly to isoguanine (iG) and isocytosine (iC), we modeled isoP and isoZ, 

where the carbonyl and amino groups have been flipped with respect to the geometry of ‘P’ 

and ‘Z’ respectively, see Figure 5.1.2. Thus, two possible base pairs were considered: iZ:P tWW 

and iP:Z tWW. 

The geometries of iG:C and iC:G are very similar to Z:iP and iZ:P, respectively, with the 

differences in optimized H-bonds within 0.15 Å. Moving to the interaction strengths, the 

modeled Z:iP tWW geometry is slightly more stable than the iG:C tWW geometry with EMod of – 

0.72 and -0.77 kcal/mol in gas phase and in water respectively. In contrast, the P:iZ tWW base 

pair is marginally less stable than G:iC tWW, with an EMod  of +0.05 and +0.35 kcal/mol in gas 

phase and in water. The geometric and energetics comparison of the above base pairs clearly 

points out the comparable stability of the Z:P pairing, thus reinforcing the experimental 

evidence that the Z:P base pair can potentially fit into a duplex DNA without perturbing its 
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structure, nicely mimicking the G:C base pair in terms of structure and stability. This is an 

important point, since it indicates how well the Z:P base pair matches the fundamental 

requirements for being processed by the enzyme machinery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1.1 Geometry and Interaction energy values for the cWW and tWW Z:P and 5-

substituted Z in Z:P base pairs. All interaction energy values are reported in kcal/mol. Emod is the 

difference between the interaction energy of the modified base pair and of the reference pair 

(that is Z:P cWW for the cWW geometries, and iZ:P tWW and Z:iP tWW for the tWW 

geometries). Negative and positive values of EMod indicate that the modified base pair is more 

stable or less stable than the A:U base pair, respectively. 



144 
 

 

System Geometry Eint Edef  ΔEtot-gas  Emod (gas) ΔE-water E-mod(water) 

             G:C cWW -30.74 2.75  -27.99   ----- -12.49  ----- 

              Z:P cWW -30.26 2.48  -27.78    0.00 -12.68 0.00 

       5-H-Z:P cWW -28.92 3.59  -25.33   2.45 -11.69 0.99 

     5-CN-Z:P cWW -30.57 2.58  -27.99  -0.21 -12.54 0.14 

    5-CF3-Z:P cWW -30.21 2.64  -27.57   0.21 -12.43 0.25 

   5-CHO-Z:P cWW -29.03 2.52  -26.52   1.26 -12.11 0.57 

 5-COOH-Z:P cWW -28.81 2.54  -26.26   1.52 -12.02 0.66 

         5-F-Z:P cWW -30.06 4.26  -25.79   1.99 -12.36  0.32 

         5-Cl-Z:P cWW -30.03 4.08  -25.94   1.84 -12.39  0.29 

         5-Br-Z:P cWW -29.85 3.60  -26.25    1.53 -12.34 0.34 

    5-OCH3-Z:P cWW -29.10 3.50  -25.59    2.19 -12.06  0.62 

      5-NH2-Z:P cWW -28.34 3.68  -24.66    3.12 -11.90  0.78 

          

             iG:C tWW -34.09 3.18  -30.90  ---- -13.77 --- 

   Z:iP tWW -35.70  4.08      -31.62  0.00 -14.54 0.00 

       5-H-Z:iP tWW -35.77 6.16  -29.61  2.01   -13.80 0.74 

  G:iC tWW -33.96 4.02  -29.94   ---- -13.25 ---- 

  iZ:P tWW -32.84 2.95  -29.89   0.00 -12.90  0.00 

       5-H-iZ:P tWW -30.13  3.16  -26.96   2.93 -12.11  0.80 

 

 

5.1.4 Studying the Impact of Different Substituents on the C5 atom of ‘Z’ base in Z:P base pair 
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A unique feature associated with Z:P containing DNA is imparted by the nitro group present on 

the C5 atom in the major groove of the Z base.(182) To study the impact of the nitro group on 

the Z:P pair, we modeled a series of substituents at the C5 site of the Z base in place of the nitro 

group, see Figure 5.1.1. The first geometry corresponds to the Z:P pair with the nitro group on 

the C5 atom of the Z base replaced by a simple hydrogen atom. We refer to this geometry as 5-

H-Z:P base pair. The optimized geometry of 5-H-Z:P is quite similar to that of Z:P, with H-bond 

differences within 0.10 Å. As for the interaction energy, the absence of the nitro group in the 5-

H-Z:P base pair substantially destabilizes the H-bonding strength with Emod values relative to the 

Z:P pair of +2.45 and +0.99 kcal/mol in gas phase and in water, and of +2.66 and +0.80 kcal/mol 

relative to G:C. To shed light on the decreased stability of the 5-H-Z:P base pair compared to 

the Z:P pair, we compared the electron densities of both the systems. Figure 5.1.4 reports the 

difference of the electron density in the gas phase between the Z:P and the 5-H-Z:P base pairs. 

Inspection of Figure 5.1.4a clearly indicates that the nitro group at the C5 position substantially 

decreases electron density on groups at the ortho and para positions, i.e. around the O2 and N4 

atoms of Z. This phenomenon, which can be easily explained in terms of resonance formulas 

involving the pi-molecular orbitals scheme in the 6-membered aromatic ring of Z, has a dual 

effect. On one side, it reduces the H-bonding accepting ability of the O2 atom, which weakens 

the bases paring, while on the other side, it makes the N4 amino group a stronger H-bond 

donor. As for the N3 group in the meta position, inductive effects through the sigma-bonds of 

the 6-membered aromatic ring of Z make it a better H-bond donor. Support to this analysis is 

also given by a comparison of the H-bond distances in the 5-H-Z:P and Z:P pairs. In fact, the H-

bond involving the N4 group of Z is shortened in presence of the nitro group, whereas the H-
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bond involving the O2 group of Z is elongated in presence of the nitro group. The balance of 

these effects results in an overall stabilizing effect of the nitro group. 

A similar analysis was also performed on tWW orientation of base pairs, which could be 

employed for construction of the parallel stranded DNA molecules. The optimized geometries 

of 5-H-Z:iP and 5-H-iZ:P tWW pairs are very similar to those of the Z:iP and iP:Z pairs, with H-

bond differences within 0.08 Å. Again, the nitro group has a stabilizing effect, since the Emod 

values of both 5-H-Z:iP and 5-H-iZ:P are +2.01 and +2.93 kcal/mol in gas phase and +0.74 and 

+0.80 kcal/mol in water. 

 

Figure 5.1.4 Electron density difference, in the base plane, between the Z:P base pair presenting 

a nitro substituent on the C5 atom, and the 5-H-Z:P base pair. Density difference curves are 

plotted between −0.02 and 0.02 a.u., with a spacing of 0.001 a.u. Blue (red) lines refer to 

negative (positive) density difference curves, i.e., to areas where the base pair including the 

substituted ‘Z’ presents reduced (increased) electron density as compared to the Z:P base pair. 
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Intrigued by the above results, which clearly indicate the non-innocent role of the substituent 

on the C5 position of Z, we modeled a series of different substituents, with varying electronic 

properties, at the C5 position of the Z base. The first two functional groups we studied are the 

cyano (-CN) and tri-methyl-fluoride (-CF3), resulting in the 5-CN-Z:P and 5-CF3-Z:P base pairs. 

The cyano and tri-fluoro-methyl functional groups possess similar electronic properties to that 

of nitro group (i.e. strongly electron withdrawing), and have been extensively studied 

previously for different applications in the context of nucleic acid structures.(189-192) As 

expected, the geometry of the 5-CN-Z:P and 5-CF3-Z:P base pairs is very similar to that of the 

Z:P base pair, with H-bond differences within 0.04 Å. As for the interaction energies, the 5-CN-

Z:P and 5-CF3-Z:P base pairs have a comparable stability, with Emod of -0.21 and +0.21 kcal/mol 

in gas phase and of +0.14 and +0.25 kcal/mol in water, respectively, as compared to the Z:P 

base pair. This confirms that a strong electron withdrawing group on the C5 atom of the Z base 

is essential to tune the energy of the Z:P pair on values comparable to the classical G:C pair in 

the DNA structure, see Table 5.1.1. 

Next, we focused on the still strong sigma-withdrawing formyl (-CHO) and carboxyl (-COOH) 

groups, which also preserve the intra H-bond between the C5 substituent and the N4 amino 

group of Z, see Figure 5.1.1. The formyl and carboxyl moieties, in particular C5 atom 

modifications of cytosine, have also been very well studied in case of epigenetic modifications, 

and in context of DNA structures.(194,195) The resulting base pairs are named 5-CHO-Z:P and 

5-COOH-Z:P in the subsequent text. Also in this case the optimized geometry of the 5-CHO-Z:P 

and 5-COOH-Z:P base pairs is very similar to that of the parent Z:P base pair, with only a slight 



148 
 

elongation of the N4-H(Z)…O6(P) H-bond by 0.05 Å. However, the interaction strength of both 

the 5-CHO-Z:P and 5-COOH-Z:P base pairs are consistently lower, with Emod 
 of +1.26 and +1.52 

kcal/mol in gas phase and +0.57 and +0.66 kcal/mol in water, respectively.  

Next, to have a more comprehensive picture, we also investigated a series of halogens (fluoro, 

chloro and bromo) on the C5 atom of the Z base, again to examine the influence of functional 

groups that can differently impact the electron density on the Z-base, and, in turn, on the Z:P 

base pair. Finally, the analysis is completed by considering the impact of the strong electron 

donating –OMe and amino (-NH2) groups, as these two strongly electron donating functional 

groups are at the opposite extremes of the Hammet scale, relative to the nitro group.(188)  

Focusing on the optimized geometry of base pairs including halogen substituents, a systematic 

slight elongation of the N4(Z)-O6(P) H-bond, within 0.08 Ǻ, is observed as compared to the Z:P 

pair. Moving to gas phase energies, a significant destabilization effect, with Emod within +1.99 

kcal/mol, is observed for the base pairs presenting a halogen at the C5 position of the Z base. 

However, due to solvent screening effects, the Emod is reduced to +0.34 kcal/mol in water 

calculations, again indicating a destabilization effect as compared to Z:P base pair. Similarly to 

the halogen substituents, in the 5-NH2-Z:P pair, the N4(Z)-O6(P) H-bond is elongated by 0.10 Ǻ 

in gas phase, accompanied by a large destabilization effect, with Emod of +3.12 kcal/mol and 

+0.78 kcal/mol in gas phase and in water, respectively. 

Since the above analyses indicated that electron withdrawing groups at the C5 position stabilize 

the Z:P pair, whereas electron donating groups have a destabilizing effect, we decided to plot 

the Interaction energy versus the Hammet constant σP, in order to verify if an insightful relation 
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between Interaction energy and σP could be obtained. Gratifyingly, we found a remarkable 

linear correlation, with R2 = 0.83, over the whole Hammett scale, see Figure 5.1.5, clearly 

indicating the fundamental role of the nitro group in the original Z base to confer the Z:P pair a 

stability comparable to the natural G:C pair. Further, the plot of Figure 5.1.5 can be used to 

foresee the impact of different substituents if modifications of the original Z:P pair are 

designed. 

 

Figure 5.1.5 Plot showing the substituent effect, defined by Hammett constant (σP) versus the 

interaction energy of the base pairs under study.  

 

5.1.5 Effect of Z-Nitro group on base-base stacking Interactions in A-DNA structure 

Visual inspection of the X-ray structure with PDB ID: 4XNO clearly indicated that the NO2 group 

of Z in A-DNA facilitates stacking interactions with the purine or pyrimidine ring of the 

nucleobase adjacent to it, probably contributing to the stability of DNA in the A-form.(182) To 

support this proposal, we decided to quantify the role of the nitro group of the Z base on the 

stacking of Z with other bases. To this end, we evaluated the relative base-base stacking energy 

(annotated as X//Y) of Z//P and Z//Z, and we compared it to the base-base stacking energy of 5-
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H-Z//P and 5-H-Z//Z, see Figure 5.1.6. Since optimization of stacked bases often lead to too 

large geometrical distortions,(18,19,202,203) particularly in the absence of the nitro group, we 

preferred to freeze the geometry as in the crystallographic structure. For this reason, geometry 

optimization was confined to optimization of the hydrogen atoms only. The final geometries are 

shown in Figure 5.1.6. The main result we obtained is that the Z//P stacked geometry is clearly 

more stable both in gas phase and in water, by -2.12 and -1.61 kcal/mol, than the 5-H-Z//P 

geometry, which strongly supports the key role played by the Z-NO2 group in inducing this 

stacking geometry. Similarly, the Z//Z geometry is more stable, by -1.61 and -2.48 kcal/mol in 

gas phase and in water, respectively, than the 5-H-Z//Z geometry. To conclude, our preliminary 

calculations match very well the experimental observation of preferential stacking of the Z-nitro 

group with adjacent purine or pyrimidine rings, which, in turn, would result in an increased 

stability of the A-DNA structure.  

 

Figure 5.1.6 Structure of the stacked base//base pairs, where the Z-NO2 is stacked over the Z 

(a) and the P base (c), emphasized by the solid black line, and stacking interaction of the 
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modeled 5-H-Z-base (nitro group replaced by a hydrogen atom) with the Z (b) and the P base 

(d). 

 

5.1.6 Conclusions 

In this work we have examined the stability of the non-natural Z:P base pair in gas-phase and in 

water, and we found it to be comparable to the stability of the G:C pair. Further, the C1’-C1’ 

distance of the freely optimized Z:P pair substantially matches the C1’-C1’ distance of the freely 

optimized G:C pair. These results allow concluding that the Z:P pair closely mimics the G:C pair 

in terms of geometry and stability. To dissect the role of the nitro group on the geometry and 

stability of the Z:P base pair, we compared a series of substituents at the C5 position of the Z 

base, having different electron donor/withdrawing properties. According to our calculations, 

the functional group on C5 of the Z base has a substantial impact on the Z:P base pair, with 

electron withdrawing groups stabilizing the H-bonded Z:P base pair. Indeed, changing the 

nature of the Z group at the C5 position from NO2 to NH2 allows tuning the stability of the Z:P 

base pair in a window of 4 kcal/mol. Finally, our calculations confirm that the Z-nitro group 

facilitates stacking interaction with the aromatic ring of adjacent purine or pyrimidine bases, 

thus imparting to the Z base unique structural properties DNA. In conclusion, our work allows 

cataloguing the synthetic Z:P base pair within the ensemble of non-modified and modified base 

pairs naturally available, as a close mimic of the G:C base pair. Variation of the group at the C5 

position of Z allows to fine tune the stability of the Z:P base pair, up to 4 kcal/mol. Overall, 

these properties clarify the ability of the Z:P pair to effectively be used as another coding 

element in a six nucleotide genetic alphabet. 
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5.2 Non-Natural base pairs for bioorthogonal applications: Studying the 7-substituted 7-

deaza-8-aza Adenosine Modifications 

 

5.2.1 Introduction 

A series of experimental studies have already been carried outon the azapurine and 

deazapurine analogues, of the purine bases, for variety of biotechnology applications. Recently, 

focus has been driven towards the synthesis and experimentally characterization of  7-deaza-8-

aza Adenosine analogues, see Figure 5.2.1, that have again been pointed out for several 

applications in the last decade, since modification at position 7 within the heterocycle places 

the substituent on the major groove(153,154,196,204-206). This leaves the H-bonding network 

on the Watson-Crick edge unperturbed, thus allowing the modified adenines to pair with uracil 

in a canonical A:U cis Watson-Crick geometry. 

 

 

Figure 5.2.1 Structure of (a) Adenine; (b) 7-substituted-7-deaza-8-aza-adenine with 

conventional notation of Purines. 
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This premise clearly explains while particular attention has been placed on 7-deazapurines as 

well as 7-deaza-8-azapurine analogues(154,204,205). The C7-H bond of this modified skeleton is 

an excellent handle for introducing substituents having a functional scope(154). Among the 

most relevant transformations is the introduction of an alkynyl group, since it presents a triple 

C-C bond that can be further modifed by copper-catalyzed azide/alkyne cycloaddition (CuAAC) 

chemistry, and used to modify siRNA molecules, and to probe RNA editing by adenosine 

deaminases(152,196). Given the potential of this type of transformation, structural studies 

were devoted to have a clear understanding of the impact of these modification on the 

geometry and stability of the modified A:U pair. Indeed, one desirable feature of this kind of 

modifications is that they mimic as close as possible the parent A:U base pair, not only by 

placing the C7 substituent away from the partner the duplex will have to interact with, but also 

in the simple strength of the base pair, since the severe modification can also impact the H-

bond capability of the modified A base. As from a geometrical viewpoint, crystallographic 

structures with PDB ids: 4NFP and 4NFQ, incorporating the above modifications gratifyingly 

confirmed that 7-Ethenyl-DAA(EDAA) and 7-Triazole-DAA(TDAA) can canonically pair to uracil 

and are well accommodated within a A-form helix. Notably, they also showed that the two 

modified nucleosides are read as adenosine in a template strand by avian myoblastosis virus 

reverse transcriptase (AMV-RT)(196). 

To complement these structural studies we decided to perform quantum mechanics 

calculations to shed light on the impact of these modifications on the H-bond pairing. We 

especially focused on the effect of the modifications on the geometry and energetics of the 
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base pairs they are involved in, and compared them with the standard A-U Watson Crick pair, 

by analyzing first the impact of the structural modification of the adenosine skeleton, then by 

analyzing the impact of the substituent on the C7 atom of the modified base. Furthermore, to 

have a better understanding of the response of the H-bonding capability of the modified base 

to the nature of the  substituent on the C7 position we also analyzed modified bases bearing 

either the powerful electron withdrawing NO2 group, or the powerful electron donating NH2 

group. These two groups are at the extremes of the Hammet scale and are known to modify 

remarkably the properties of the aromatic ring to which they are bonded. Finally, the analysis is 

completed by considering the impact of a halide substituent, F, Cl and Br, on the C7 atom, again 

to examine the influence of groups that can differently impact the electron density on the 

modified base skeleton. For all these systems we considered the classic Watson-Crick (cWW) 

and the reverse Watson-Crick (tWW) geometries, characteristic of parallel stranded helices, 

both in gas phase and in water, since this base can form similarly stable cWW and tWW base 

pairs with U, and it is indeed a well-accepted base pair both in parallel strands as well as in anti-

parallel strands in nucleic acids.  

5.2.2 Modeling the Interation system and Quantum Chemical Calculations 

Modeling the interaction system for base pairs involving 7-deaza-8-aza-Adenine.  

We first focused on studying impact on a heterocyclic ring with a simple translocation of N7-C8 

atom of adenine, for this, we just took in to account 7-deaza-8-aza Adenine (DAA) H-bonded to 

Uracil (U) (i.e. DAA:U cWW). The base pair system was modeled preserving the H-bonding 

pattern as in A:U cWW. Next, we studied the impact of different C7 substituents on 7-deaza-8-
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aza purine moiety that is H-bonded to uracil. The studied substituents includes the ethynyl, 

1,2,3- triazole, -NO2, –NH2, -F, -Cl, -Br present at the C-7 position (see Figure 5.2.1) giving rise 

to EDAA:U, TDAA:U, NO2DAA:U, NH2DAA:U, FDAA:U, ClDAA:U, BrDAA:U base pairs (see Figure 

5.2.2). The coordinates of modeled geometries of the modified base pairs corresponding to 

EDAA:U cWW and TDAA:U cWW base pairing geometries were built from the X-ray structures 

with PDB ids: 4NFP and 4NFQ respectively(196). For other base pairs, respective functionalities 

were introduced at C7 position of DAA. Finally, to model A:U cWW, the modified ‘Adenine’ was 

replaced by a canonical ‘Adenine’ preserving the H-bonding pattern. Thus in total, we modeled 

8 different geometries of the non-natural modified base pair systems. The glycosidic bonds of 

the described base pairs are oriented in ‘cis’ orientation, which corresponds to the geometries 

pertinent to antiparallel stranded (aps) RNA structure.  

Due to the ambiguous H-bonding properties of A:U base pair, it can be well accommodated in 

parallel stranded nucleic acid structures, thus,  in addition to the above described modeled 

geometries, we also considered the similar modifications now considering the ‘trans’ 

orientation of glycosidic bonds, the geometries of which will correspond to a parallel stranded 

helix, which is common to RNA structures. Also, in this case, a total of 8 modified base pairing 

geometries were modeled taking the initial model from A437:U205 tWW; PDB id: 1JJ2. For all 

the model systems described above, the base pairing geometries is truncated at C1’ atom of the 

ribose. This is the standard approach used in literature.  

QM calculations.  
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A density functional theory approach, based on the hybrid B3LYP functional(27-29), as 

implemented in the Gaussian09 package, in connection with the cc-pVTZ basis set(30) was used 

for all the geometry optimizations in gas phase as well as in water, modeled with the C-PCM 

continuum solvation model(31). Since dispersion interactions might contribute differently to 

the stability of the non-natural base pairs, we also added Grimme D3 term to the electronic 

energy(32). Interaction energies were calculated on the B3LYP-D3/cc-pVTZ optimized 

geometries at the second order Moeller-Plesset (MP2)(26) level of theory using the more 

extended aug-cc-pVTZ basis set. For these calculations, we took advantage of the faster 

RIMP2(33) method as implemented in Turbomole 6.1 package, with the was modeled with 

continuum solvation model COSMO(31). All the interaction energies were corrected for the 

basis set super position error (BSSE),(34) using the counterpoise procedure(34). Thus, the 

interaction energy Eint is calculated as in Eq. 1: 

Eint = Ecomplex –(EM1 + EM2) +BSSE; (1) 

where Ecomplex is the electronic energy of the optimized base pair, Em1 and Em2 are the electronic 

energy of the isolated geometries of the M1 and M2 bases, and BSSE is the basis set 

superimposition error. This is a rather standard approach used in this kind of calculations(35-

41). In the present study, we also derived the interaction energies in water which were 

calculated using the same recipe as suggested by Sponer and coworkers(35,42). 

To have an immediate and intuitive understanding of the impact of a specific modification, we 

introduce the modification energy, EMod, defined as the energy difference between the 
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interaction energy of the modified and of the corresponding natural base pair, as shown in Eq. 

2. 

EMod = EInt(modified base pair) – EInt(natural base pair). (2) 

Within this definition, positive and negative EMod values indicate modifications that decrease or 

increase the stability of a specific base pair, respectively. 

Electron density analysis. 

 Comparative analysis of the electron density of a single Adenine base with that of the modified 

Adenine [DAA], as well as with that of the other modified bases, was performed as follows. 

First, the geometry of the DAA base was optimized at the B3LYP/cc-pVTZ level of theory. For 

the sake of easier analysis(45), CS symmetry, with the symmetry plane coincident with the 

purine plane, was imposed to the systems, and the electron density analysis could be 

performed in the symmetry plane. After optimization, we compared the RI-MP2/aug-cc-pVTZ 

electron densities of the modified DAA base, ρDAA, and that of the non-modified A base with the 

geometry it has in the DAA base, ρA/DAA. In other words, we took the optimized geometry of the 

DAA base, and we replaced C7 with a N and we removed the H7 atom, plus we replaced N8 

with a C atom and we added a H atom at 1.10 Å from C8. With this approach, the heavy atom 

skeleton of the DAA and A bases is identical and can be perfectly superimposed. This is 

fundamental to avoid noise in the analysis of the electron density difference, ρDAA–A/DAA=ρDAA 

−ρA/DAA. A similar procedure was followed for the other modifications where different 

functionalities (X), see modeling section, were introduced at C7 position of DAA. In this case, we 
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compared the RI-MP2/aug-cc-pVTZ electron densities of DAA-X, ρDAA-X, and of the A base 

obtained by removing the ‘X’ group from the optimized DAA-X base, and replacing the C7 atom 

of DAA-X with a N atom, and replacing N8 atom with C, ρA/7DAA-X. The plotted electron density 

difference is ρDAA-X–A/DAA-X=ρDAA-X−ρA/DAA-X. We adopted this procedure to have perfect overlap 

between the skeletons of the A and DAA-X bases, and, consequently, meaningful electron 

density differences. A similar procedure was adopted for the base pairs where the electron 

density difference maps were evaluated. 

5.2.3 Results and Discussion 

Eight different modifications of adenine residue on the ‘Hoogsteen edge’ have been 

investigated, all of them being derivatives of 8-aza-7-deazaadenine (DAA). Optimal geometries 

and energetics of the base pairs they form with uracil, both in a classical cis Watson-Crick 

(cWW) and in the reversed Watson-Crick geometry (tWW), have been calculated in the gas 

phase and in water. Table 5.2.1 summarizes calculated energies for the investigated base pairs. 

Optimal geometry for the cis Watson-Crick base pairs are shown in Figure 5.2.2, where also H-

bonding distances in gas and in water are shown.  

 



159 
 

 

Figure 5.2.2 Stick representation of the base pairs including a modified adenine H-bonded to 

uracil in the cWW geometry. The values in parenthesis correspond to the optimized distances in 

water and values without parenthesis correspond to optimized distances in the gas phase. All 

distances are in Ǻ.  

5.2.3.1 Impact of the change in the heterocyclic ring: Translocation of N7 and C8 atoms. 

The geometry of the optimized DAA:U cWW pair is almost identical to the corresponding 

unmodified A:U cWW pair, with differences in H-bond lengths within 0.02 Å. The interaction of 

the modified DAA:U cWW pair is however stronger as compared to A:U cWW pair, with EMod of 

-0.51 kcal/mol and -2.01 kcal/mol in the gas phase and in water, respectively, clearly indicating 

the better stability of the modified pair. To shed light on the increased stability of the modified 

system, consequence of the translocation of the N7 and C8 atoms, we compared the electron 
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densities of the modified and non-modified systems. Figure 5.2.3 reports the difference in the 

electron density in gas phase between DAA and a simple A base, as well as between the DAA:U 

and the A:U cWW base pair (see Methods). Inspection of Figure 5.2.3 clearly indicates that the 

presence of the 7-deaza-8-aza modification substantially increases electron density around the 

N1 atoms of DAA which increases its H-bond accepting ability, while there is a depletion of 

electron density at the N6 atom, which reduces the H-bond donating ability of the N6-H group. 

These differences, consistently with an increased NPA charge on the N1 atom by -0.02e, and a 

reduced NPA charge on the H6 atom, by +0.01, explains the increased stability of the DAA:U 

cWW base pair system.  

As for the tWW optimized geometry of the DAA:U pair, it is also very similar to the A:U tWW, 

both in gas and in water, with differences in H-bonds within 0.02 Å. Again, the stability of the 

base pair including DAA is higher than that of the base pair including the non-modified base 

both in the gas phase and in water, with EMod of -0.35 and -1.99 kcal/mol, respectively. The 

increased interaction strength of the base pair including the modified base can also be 

explained on the basis of the increased electron densities around atoms involved in H-bonding. 

A similar analysis is also performed on 7-deaza-8-aza modification of the guanine base (DAG) of 

canonical G:C cWW base pair. The optimized geometry of DAG:C pair is similar to G:C cWW, 

both in gas phase and in water, with differences in H-bonds within in 0.02 Å. However, the G:C 

cWW  base pair is more stable with respect to DAG:C cWW with EMod
 of 0.41 and 0.04 kcal/mol. 

A slight decrease in interaction strength of DAG:C system (Figure 5.2.3C,D)could be explained in 

terms of the decrease in electron density around O6, which decreases its H-bonding accepting  
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ability.  

Figure 5.2.3 Electron density difference, in the base plane, between the DAA and A bases (A), 

and between the DAA:U and A:U base pairs (B). DAG and G base (C); and DAG:C and G:C base 

pair (D). Density difference curves are plotted between −0.02 and 0.02 a.u., with a spacing of 

0.001 a.u. Blue (red) lines refer to negative (positive) density difference curves, i.e., to areas 

where the system including DAA presents reduced (increased) electron density as compared to 

the system including A.  

  

5.2.3.2  Impact of different substituents on the C7 of 7-deaza-8aza-Adenine (DAA)  
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The first two introduced functional groups correspond to those whose structure in the context 

of a RNA duplex has been recently experimentally characterized: ethynyl, resulting in 7-ethynyl-

7-deaza-8-azaadenine (EDAA) and triazole, resulting in 1,2,3 trizole-7-deaza-8-azaadenine 

(TDAA). In agreement with the experimental study(196), the optimized geometries of EDAA:U 

cWW and TDAA:U cWW pairs are virtually unaffected by the modification (compared to the 

non-modified A:U cWW pair). As for the interaction energies, the EDAA:U and TDAA:U cWW 

pairs, with EMod of -0.24 and -0.44 kcal/mol, respectively, are slightly more stable than the non-

modified pair, in gas phase. This slight increase in the interaction strength can be explained on 

the same grounds used to explain the higher stability of the base pair containing the parent 

DAA modified base, with increased electron density around the H-bond acceptor N6 atom. 

Differently from the base pairs containing the parent DAA base, which was quite more stable 

than the non modified base pair in water, the stability of the EDAA:U cWW base pair in water is 

substantially identical to that of the non modified A:U base pair, with an EMod of -0.07 kcal/mol, 

while the TDAA:U base pair, with EMod of +0.57 kcal/mol, is slightly less stable than the A:U base 

pair.  

The tWW geometry is also unaffected by the two modifications, and the interaction between 

the two bases in the gas phase, with EMod of -0.15 and -0.22 kcal/mol for EDAA and TDAA, 

respectively is virtually unchanged by the modification. However, consistently with the in gas 

calculations, the in water interaction energy, with EMod of by -0.04 and +0.58 kcal/mol for EDAA 

and TDAA, respectively, does not reflect an increased stabilization of the modified base pair. 

Comparison of the electron density difference maps involving the DAA:U base pair on one side, 
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Figure 5.2.2a, and the EDAA:U and TDAA:U pairs on the other side, Figure 5.2.4 (A-B), indicates 

that the electron density from the substituent on the C7 atom involves also the amino N6 

group, which can have an impact on proper solvation of the EDAA:U and TDAA:U base pairs 

around this area. 

Intrigued by the geometric and energetic robustness of the A:U interaction to the severe 

modification investigated above, we decided to stress more the basic DAA:U skeleton by 

considering the effect of a strong electron withdrawing group, -NO2, and of a strong electron 

donating group, –NH2, on the C7 atom of DAA. To have a more comprehensive picture, we also 

investigated the effect of a halogen substituent, -F, -Cl and –Br, on the C7 atom. Focusing on 

the optimized geometry of the base pairs, we again found very small deviations, H-bonds within 

0.02 Å as compared to the A:U base pair, with all the introduced functional groups (-NO2, -NH2, 

-F, -Cl, -Br). Considering the remarkably different electronic properties of the considered 

groups, this clearly indicates that the A:U skeleton is remarkably robust to both the skeleton 7-

deaza-8-aza modification as well as to electronic effect due to the substituent on the C7 atom 

of the DAA parent skeleton. Moving to gas phase energies, a small stabilization effect with Emod 

within -0.34 kcal/mol is observed for the base pairs presenting a halogen at the C7 position of 

DAA. In contrast, both -NH2 and -NO2 at C7 position also results in very similar stabilization, Emod 

of -0.23 and 0.30 kcal/mol, when compared to A:U cWW base pair. This indicates that the 

impact of the substituent on the C7 position is totally unrelated to its electronic property, as 

transmitted through the σ-bonds skeleton. Rather, interaction can occur directly between the 

N6 amino group and the C7-substituent, as indicated by the modification in the electron density 
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around the N6 amino group in Figures 5.2.4 C,D and 5.2.5 C,D consistently with our previous 

analysis on the G:C pair involving the archaeosine modification(45). However, Emod values in 

water are consistently around -2 kcal/mol for all these modifications. Interestingly, a similar 

trend in the Emod is also observed for these base pairs in the ‘trans’ tWW orientation.  

 

 

 

Figure 5.2.4 Electron density difference, in the base plane, between DAA bases presenting 

different substituents on the C7 atom, and the A base. (A) EDAA, (B) TDAA, (C) NH2DAA, (D) 

NO2-DAA, (E) FDAA, (F) ClDAA, (G) BrDAA. Density difference curves are plotted between −0.02 

and 0.02 a.u., with a spacing of 0.001 a.u. Blue (red) lines refer to negative (positive) density 

difference curves, i.e., to areas where the substituted DAA presents reduced (increased) 

electron density as compared to the natural A base. 
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Figure 5.2.5 Electron density difference, in the base plane, between DAA:U base pairs 

presenting different substituents on the C7 atom, and the A:U base pair. (A) EDAA:U, (B) 

TDAA:U, (C) NH2DAA:U, (D) NO2DAA:U, (E) FDAA:U, (F) ClDAA:U, (G) BrDAA:U. Density 

difference curves are plotted between −0.02 and 0.02 a.u., with a spacing of 0.001 a.u. Blue 

(red) lines refer to negative (positive) density difference curves, i.e., to areas where the base 

pair including the substituted DAA presents reduced (increased) electron density as compared 

to the A:U base pair. 
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Table 5.2.1 Geometry and Interaction energy values for the cWW and tWW A:U and modified 

A:U base pairs. All interaction energy values are reported in kcal/mol. Emod is the difference 

between the interaction energy of the modified base pair and of the reference pair, i.e. A:U 

cWW for cWW geometries, and A:U tWW for tWW geometries. Negative and positive values of 

EMod indicate that the modified base pair is more stable or less stable than the A:U base pair. 

 

System Geometry EHF Ecorr  ΔEint-gas  Emod (gas) ΔE-water E-mod(water) 

A:U cWW -10.09 -6.36  -16.45  0.00 -5.99 0.00 

DAA:U cWW -10.79 -6.17  -16.96  -0.51 -8.00 -2.01 

EDAA:U cWW -10.49 -6.20  -16.69  -0.24 -6.06 -0.07 

TDAA:U cWW -10.71 -6.18  -16.89  -0.44 -5.42 +0.57 

FDAA:U cWW -10.68 -6.11  -16.79   -0.34 -7.88 -1.89 

ClDAA:U cWW -10.54 -6.16  -16.70   -0.25 -7.90 -1.91 

BrDAA:U cWW -10.47 -6.20  -16.67   -0.22 -7.91 -1.92 

NO2DAA:U cWW -10.23 -5.92  -16.15     0.30 -7.71 -1.72 

NH2DAA:U cWW -10.50 -6.18  -16.68     -0.23 -8.06 -2.07 

          

A:U tWW -9.44 -6.30  -15.74   0.00 -5.76 0.00 

DAA:U tWW -9.93 -6.16  -16.09   -0.35 -7.75 -1.99 

EDAA:U tWW -9.70 -6.19  -15.89   -0.15 -5.80 -0.04 

TDAA:U tWW -9.77 -6.19  -15.96  -0.22 -5.18 +0.58 

FDAA:U tWW -9.89 -6.09  -15.98  -0.24 -7.63 -1.87 
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ClDAA:U tWW -9.76 -6.15  -15.91  -0.17 -7.64 -1.88 

BrDAA:U tWW -9.72 -6.16  -15.88  -0.14 -7.65 -1.89 

NO2DAA:U tWW -9.32 -6.19  -15.51   0.23 -7.45 -1.69 

NH2DAA:U tWW -9.68 -6.16  -15.84   -0.10 -7.81 -2.05 

 

As a final test to highlight similarity or differences between the original A:U pair and the 

modified base pairs considered in this work, we split the overall EInt HF MP2 

contributions. The former has been usually taken as an indicator of the H-bond contribution to 

the base pair stability, while the second has been usually taken as an indicator of the 

contribution of dispersion interactions to the base pair stability(35-37,39,40). Inspection of 

Figure 5.2.6 clearly show that basically all the base pairs including a modified Adenine base 

behave quite similarly to the unmodified A base, confirming again they can mimic very well the 

base pairing properties of the unmodified A base. 
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Figure 5.2.6 Total Interaction energy (blue), HF contribution (red), and dispersion energies 

(green) between Modified Adenine (annotated on X-axis) with H-bonded uracil with glycosidic 

bonds oriented in cWW orientation. All values are given in kcal/mol. Dispersion contribution 

was calculated as the difference between the MP2 and HF energies. 

5.2.4 Conclusions 

In this work we have examined the impact that a series of non-natural modifications of the A 

base can have on the geometry and stability of the A:U base pair. According to our calculations, 

the 7-deaza-8-aza modification and its 7-substituted derivatives have the negligible impact both 

on the geometry as well as the energetics of the base pairs. This confirms that replacement of 

natural adenines in nucleic acids by a modified base belonging to this family should be 

transparent in terms of structure and stability.  

 

5.3: Structural and Energetic Characterization of the Emissive RNA Alphabet Based on the 

Isothiazolo[4,3-d]pyrimidine Heterocycle Core 

5.3.1 Introduction 

During the last decades, synthetic biologists started to design alterations of existing natural 

components of biological molecules for a variety of applications.(207-209) One of them is 

altering natural nucleobases, which are fluorescent inactive, to have fluorescent bases that can 
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be used as labeling tags to study the interaction of nucleic acids with other biomolecules.(210) 

Indeed, modified nucleobases having fluorescence activity in the UV-Visible region have been 

already used for various biotechnological and biomedical applications.(211-220) Ideally, the 

synthetically designed emissive (fluorescent) nucleobases should be isomorphic to the parent 

nucleobases and should maintain selective base-pairing to introduce minimal perturbation in 

the nucleic acids structure.(219,221,222) One of the most widely used synthetically modified 

fluorescent nucleobases is 2-aminopurine, an isomorph of natural adenine, which shows 

fluorescence activity both as a monomer and when present in a duplex DNA in solution.(223) 

However, it destabilizes the DNA duplex structure, and forms mispairing interactions with 

thymine in the DNA structure.(224)  Another strategy, focused on modifications at C8 or N7 

positions of adenine with the introduction of the triazole functionality, was shown to possess 

fluorescent properties with only a moderate destabilization of duplex DNA structures.(225) 

Along this promising line various natural base analogues have been studied, some even 

available commercially, which show moderate fluorescence when introduced in duplex DNA 

structures.(222,226-240) In this scenario, Tor and coworkers synthesized a complete alphabet 

of fluorescent analogues of RNA nucleosides, named thA, thG, thC, and thU, derived from the 

thieno[3,4-d]-pyrimidine heterocycle.(222) However, these analogues lack the N7 atom of the 

purine skeleton, whose basicity and coordinating ability is required for many biomolecular 

interactions.(222) Therefore, these emissive nucleosides were not expected to be fully 

compatible with the RNA function. Indeed, while adenosine deaminase (ADA) was shown to be 

successful in catalyzing the conversion of thA to thI, the rate of conversion was 20-times slower 

than for adenosine.(222) To address this issue and approach the goal of an emissive alphabet as 
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isomorphic and isofunctional as possible to the natural nucleosides, the same authors have 

recently synthesized a new generation alphabet based on nucleosides derived from 

isothiazolo[4,3-d]pyrimidine as a common heterocyclic core, namely tzA, tzG, tzC, and tzU, which 

preserves the N7 atom in the purine skeleton, see Figure 5.3.1.(221) Thus, these new emissive 

nucleosides are isomorphic and possess structural similarity to natural purines, and have been 

shown to be also ‘isofunctional’ to natural nucleosides, since the adenosine deaminase is able 

to deaminate the adenosine analogue tzA as effectively as the natural adenosine.(241)  

 

Figure 5.3.1 Structures of the natural (A/G/U/C) and fluorescent nucleobases (tzA/ tzG/ tzC/tzU). 

The sugar-phosphate backbone of the natural and non-natural bases has been truncated at C1’, 

notated as ‘R’ in the figure. 

 

To complement these experimental information, we performed electronic structure 

calculations to evaluate the impact of the modification on the structure and energy of the base 

pairs containing the isothiazolo[4,3-d]pyrimidine analogues tzA, tzG, tzC, and tzU. Further, we also 

analyzed the impact of the modification on the UV-Vis properties of the natural nucleosides. 
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Following an approach that we have used to evaluate the impact of natural and non-natural 

modifications on H-bonding base pairing,(40,41,45,123,185,242,243) we initially focused on the 

effect of the modification on the geometry and energetics of the H-bonded base pairs they 

participate in. First, we focused on the classical cis Watson-Crick pairing (cWW), as the Watson-

Crick edge is unperturbed in all the four modified nucleobases. Then, as the Hoogsteen edge is 

also unmodified and available for H-bonding in the two fluorescent purines, and a tzG:G base 

pair in the trans Hoogsteen/Watson-Crick (tHW) geometry has been experimentally observed, 

we also investigated this geometry in all the possible combinations where a modified purine is 

using its Hoogsteen edge. Further, we compared the aromatic character of the natural and non-

natural nucleobases, as it can affect their stacking properties and consequently the stability of 

the nucleic acid structure they are located in. Finally, we also calculated the optical absorption 

properties of the modified nucleobases and nucleosides, and we rationalized them in terms of 

modification of the molecular orbitals. 

5.3.2 Models and Computational Details.    

Modeling the interaction systems. We first focused on studying the impact on H-bonding of 

the tzA, tzG, tzC, and tzU bases forming classical Watson-Crick base pairs in combination with the 

classical A, G, C, and U bases, by taking into account the tzA:U, A:tzU, tzG:C, and G:tzC base pairs. 

Then, we also studied the H-bonding interactions where both the bases were modified, that is 

the tzA:tzU and tzG:tzC base pairs. Further, we modeled four different H-bonding geometries. 

where modified purine bases, tzA and tzG,  use their ‘Hoogsteen’ (H) edge for H-bonding. The 

first three involve the participation of tzA, utilizing its Hoogsteen edge to form H-bonding 
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interaction with the Watson-Crick (W) edge of natural A/U/C bases, forming the tzA:A,  tzA:U , 

tzA:C  base pairs, all interacting with a trans orientation of the glycosidic bonds (tHW geometry). 

The fourth such interaction we modeled is the tzG:G tHW base pair, where the modified tzG base 

uses its Hoogsteen edge to H-bond to the Watson-Crick edge of the natural G base. For each of 

the modeled modified base pairs, we also modeled their corresponding unmodified geometries. 

Thus, in total, we modeled sixteen different combinations of the non-natural modified base pair 

systems along with their natural base pair counterparts. For all the model systems described 

above, the base pairs are truncated at the C1’ atom of the ribose. This is the standard approach 

used in literature.(35-37,40,41,242,244)  

 

QM calculations. Geometry optimizations were performed within a DFT approach, based on 

the hybrid B3LYP functional as implemented in the Gaussian09 package.(27-29) The correlation-

consistent polarized valence cc-pVTZ basis set(30) was used for all the geometry optimizations 

in gas phase as well as in water, modeled with the C-PCM continuum solvation model.(31) Since 

dispersion interactions might contribute differently to the stability of the base pairs under 

study, we also added Grimme D3 correction term to the electronic energy.(32) Test calculations 

including the Becke-Johnson damping scheme indicated that H-bond distances in geometries 

optimized with the different damping schemes are within 0.01 Å, thus making total binding 

energies calculated with post-HF methods unaffected by the specific damping scheme used in 

the geometry optimizations. Interaction energies were calculated on the B3LYP-D3/cc-pVTZ 

optimized geometries at the second order Møller-Plesset (MP2)(26) level of theory using the 
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augmented aug-cc-pVTZ basis set. For these calculations we took advantage of the faster 

RIMP2(33) method as implemented in Turbomole 6.1 package, with water modeled with the 

continuum solvation model COSMO.(31) All the interaction energies were corrected for the 

basis set super position error (BSSE),(34) using the counterpoise procedure.(34) Thus, the 

binding energy EBind is calculated as in Eq. 1: 

EBind = EComplex –(EM1 + EM2) +BSSE; (1) 

where EComplex is the electronic energies of the optimized M1:M2 base pair, and EM1 and EM2 are 

the electronic energy of the isolated geometries of the M1 and M2 bases, and BSSE is the basis 

set superposition error calculated as proposed by Boys and Bernardi.(34) Within this approach, 

the deformation energy, which is the energy required to deform the bases from the isolated 

geometry to the geometry they have in the base pair, is included in our calculations. This is a 

rather standard approach used in this kind of calculations.(35-41) However, considering that 

recent studies are questioning the validity of the counterpoise approach to calculate the 

BSSE,(245) we have also considered total binding energies non corrected by the BSSE. In the 

present study, we also derived the interaction energies in water, which were calculated using 

the same recipe as suggested by Sponer and coworkers.(35,42) 

To have an immediate and intuitive understanding of the impact of a specific modification, we 

introduced the modification energy, EMod, defined as the energy difference between the binding 

energy of the modified and of the corresponding natural base pair (in this specific case A:U and 

G:C base pair),(185,242) as shown in Eq. 2. 
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EMod = EBind(modified base pair) – EBind(natural base pair). (2) 

Within this definition, positive and negative EMod values indicate modifications that decrease or 

increase the stability of a specific base pair, respectively. 

Absorption and emission spectra were calculated using time dependent density functional 

theory (TDDFT),(246-248) using the B3LYP functional as implemented in the Gaussian09 

package. A similar approach has already been performed on the non-natural emissive 

nucleobases derived from thieno[3,4-d]-pyrimidine heterocycle.(237,238,249) Geometry 

optimization of the singlet ground state (for adsorption) and of the first singlet excited state 

(for emission) were performed without symmetry constraints. For the absorption peaks we 

always assumed transition between the single ground state and the first excited singlet state, 

since the second excited singlet state is clearly at higher energy. The only exception is natural G, 

which results in the first and second singlet excited states differing in energy by only 16 nm, 

with comparable oscillator strengths. In this case we assumed as absorption frequency the 

average of the frequency of absorption for excitation to the first two singlet excited states. To 

evaluate absorption and emission spectra, in addition to use a TDDFT approach, test 

calculations were performed by using the RI-CC2 approach as implemented in Turbomole.  

Electron density analysis.  Comparative analysis of the electron density of natural (A/U/G/C) 

and modified (tzA, tzU, tzG, tzC) bases was performed as follows. For example, for First, the 

geometry of the tzA base was optimized at the B3LYP/cc-pVTZ level of theory. For the sake of 

easier analysis,(45) CS symmetry with the symmetry plane coincident with the purine plane was 

imposed, and the electron density analysis was performed in the symmetry plane. After 
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optimization, we compared the RI-MP2/aug-cc-pVTZ electron densities of the modified tzA base, 

ρtzA, and that of the unmodified A base with the geometry it has in the tzA base, ρA/tzA. In other 

words, we took the optimized geometry of the tzA base, and we replaced the C9 carbon of tzA 

with nitrogen, plus we replaced the S8 atom of tzA with a carbon, and we added a H atom to C8. 

The geometry of this A base was optimized by fixing the atoms of the 6-membered ring plus the 

N7 atom. With this approach, the heavy atom skeleton of the tzA and A bases is identical and 

can be perfectly superimposed. This is fundamental to avoid noise in the analysis of the 

electron density difference, ρtzA–A/tzA = ρtzA −ρA/tzA. A similar procedure was followed for the 

other bases. Since this procedure could result in an analysis biased by imposing to the A base 

the geometry of the 6-membered ring of the tzA base, we tested the stability of the results by 

applying the reverse protocol, in which the tzA base is forced to have the 6-membered ring 

geometry of the A base.  

Aromaticity analysis. Aromaticity of the nucleobases was quantified using the nucleus-

independent chemical shifts (NICS) values proposed by Schleyer and co-workers,(250) 

computed using the gauge-including atomic orbital method(251) (GIAO) and including the 

solvent contribution by C-PCM. The NICS is defined as the negative of the absolute shielding 

computed at specific points around the molecular system, in particular at ring centres, NICS(0) 

values, or d Å above such ring centres, NICS(d) values.(252) In the current work, NICS(1) is 

defined as the average value of the shielding calculated 1 Å above and below the plane of the 

overall planar bases. 

 



176 
 

5.3.3. Results and Discussion: 

To study the impact of the fluorescent modified nucleobases tzA, tzU, tzG and tzC on the structure 

and stability of nucleic acids base pairs, we considered 16 different base pairs, half in the 

classical antiparallel Watson-Crick (cWW) geometry, characteristic of duplex structures, and the 

remaining ones in the trans Hoogsten-Watson-Crick (tHW) geometry, required for building 

several tertiary structural motifs.(22) For each base pair, the optimized geometry and the 

binding energy were calculated in the gas phase and in water. To have an immediate measure 

of the impact of a specific modification on the corresponding base pair, we used the 

modification energy, EMod, defined as the difference between the binding energy of the 

modified and of the corresponding unmodified  base pair, for instance cWW tzA:U or cWW 

tzA:tzU vs. cWW A:U (see Methods). By definition, negative and positive values of EMod indicate 

that the modified base pair is more stable or less stable than the corresponding unmodified 

base pair. Table 5.3.1 summarizes the calculated interaction energies and EMod values for the 

investigated base pairs. Optimal geometries for the base pairs forming ‘Watson-Crick’ and 

‘Hoogsteen’ base pairs are shown in Figure 5.3.2 and Figure 5.3.3, respectively, where H-

bonding distances in gas phase and in water are also reported.  
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Table 5.3.1 Energy decomposition values, in kcal/mol,. The cWW and tHW geometries for the 

modified and their corresponding natural bases have been calculated. EInt is the interaction 

energy of the two bases in the base pair without inclusion of deformation energy. Edef is the 

deformation energy of the two bases calculated as the difference between the energy of the 

geometry they have in the base pair and the energy of the geometry they have when optimized 

alone. EBind is the sum of the interaction and deformation energies, which is EBind = EInt + EDef. 

Emod is the difference between the binding energy of the modified base pair and of the 

reference pair (that is A:U and G:C). Negative and positive values of EMod indicate that the 

modified base pair is more stable or less stable than the corresponding unmodified base pair. 

The energies have been calculated at RI-MP2/aug-cc-pVTZ//B3LYP/cc-pVTZ level of theory. Emod 

and E*mod are BSSE corrected and BSSE uncorrected values. 

 

System Geometry EInt EDef EBind(gas) Emod (gas) E*mod(gas) EBind(water) Emod(water) 

A:U cWW -16.45 1.41 -15.04   -   - -7.90 - 

A:tzU cWW -16.38    1.38 -15.00 0.04 -0.32  -7.90 0.00 

tzA:U cWW -16.72 1.50 -15.22  -0.18  -0.34  -7.94 -0.04 

tzA:tzU cWW -16.56 1.48 -15.08 -0.04 -0.55  -7.88 0.02 

G:C cWW -30.74 2.75 -27.99  -  -  -12.49 - 

G:tzC cWW -30.33 2.76 -27.57 0.42 0.08  -12.47 0.02 

tzG:C cWW -29.56 2.01 -27.55 0.44 0.33  -12.23 0.26 

tzG:tzC cWW -29.02 1.95 -27.07 0.92 0.48  -12.09 0.40 

A:A tHW -13.77 1.26 -12.51 - -   -7.11 - 
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tzA:A tHW -12.60 1.37 -11.23 1.28 1.01   -6.40 0.71 

A:U tHW -17.12 1.19 -15.93 - -   -8.05 - 

tzA:U tHW -14.45 1.20 -13.25 2.68 2.34   -6.96 1.08 

A:C tHW -17.13 1.58 -15.55 - -   -7.33 - 

tzA:C tHW -16.23 1.57 -14.66 0.89 0.38   -6.66 0.66 

 G:G tHW -21.02 -0.10 -21.12 - -   -8.95 - 

tzG:G tHW -18.08 -0.57 -18.65 2.47 1.91   -8.02 0.93 
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Figure 5.3.2 Cis Watson-Crick base pairs. Stick representation of unmodified and modified 

cWW A:U base pairs (left) and of unmodified and modified cWW G:C base pairs (right). Values 

in parentheses correspond to optimized H-bond distances in water and values out of 

parentheses correspond to optimized distances in the gas phase. All distances are in Ǻ.  

 

5.3.3.1 Watson-Crick base pairs: Structure and Energy Impact of the modified nucleobases. 

Eight cWW base pairs were considered, four related to the A:U and four to the G:C pair, 

corresponding the unmodified A:U and G:C cWW pairs, the fully modified tzA:tzU and tzG:tzC, and 

the partially modified tzA:U/ A:tzU and tzG:C/G:tzC pairs, see Figure 5.3.2. The optimized structure 

of the modified tzA:U, A:tzU and tzA: tzU  cWW base pairs is extremely similar to that of the 

classical A:U cWW pair, with differences in H-bond lengths within 0.04 Å. Similarly, the C1’-C1’ 

distance (which gives an indication of the isostericity of H-bonded base pairs)(22,77) are almost 

identical in the modified and unmodified A:U pairs (10.52 Å for A:U versus 10.49/10.62/10.57 Å 

for A:tzU/tzA:U/tzA: tzU). A similar trend is observed for the base pairs where tzG and tzC 

modifications are included. Also in this case, the tzG:C, G:tzC and tzG: tzC base pair geometry is 

extremely similar to that of the natural G:C cWW base pair, with differences in H-bond 

distances within 0.04 Å. Similarly, the C1’-C1’ distances are very similar (10.71 Å for G:C versus 

10.79/10.78/10.87 Å for G:tzC/tzG:C/tzG: tzC). The binding energy of the modified pairs involving 

tzA and tzU bases is also extremely similar to that of the A:U cWW pair, with EMod within -0.18 

kcal/mol and -0.04 kcal/mol in gas phase and in water, respectively. As for the modified base 

pairs involving tzG and tzC, a slight destabilizing effect is found with EMod values within +0.92 and 
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+0.40 kcal/mol in gas phase and in water, respectively. As a final remark, except for one case 

tzA:tzU pair, the trends in the EMod values does not substantially change, including or not the 

BSSE to the final binding energy calculations. Overall, this analysis confirms that no 

deformation/strain is introduced in RNA duplexes by the modified bases, and that they do not 

increase or reduce the H-bonding binding energy compared to the natural bases. This holds 

true especially for the purine derivatives, while for the pyrimidine ones a steric impact from the 

additional isothiazole ring in the context of a larger RNA should be further investigated. 

5.3.3.2 Non-canonical base pairs involving the Hoogsteen edge of tzA and tzG: Structural and 

Energetic Impact of the modified nucleobases. Experimental data showed that the non–

natural tzG base can form a tHW tzG:G base pair, i.e. a base pair with a trans Hoogsteen-

WatsonCrick geometry, where the modified tzG participates in H-bonding with its Hoogsteen 

edge, while the natural G uses its canonical Watson Crick edge. Therefore, we investigated this 

base pair and extended the analysis to all other base pairs exhibiting the same geometry, where 

a purine uses its Hoogsteen edge for H-bonding, namely the tHW tzA:A,  tzA:U and tzA:C base 

pairs.(22,77) All the four systems were compared with the corresponding unmodified base 

pairs, see Figure 5.3.3.  

The optimized geometries of all the modified tHW base pairs we analysed are quite similar to 

their corresponding unmodified base pairs. However, the similarity here is lower than in the 

classical Watson Crick pairs we analyzed before. H-bond distance differences stay within 0.12 Å. 

Remarkably, the H-bond involving tzA/tzG N7 is always elongated, while the other H-bond, 

involving tzA/tzG O7/N7 is shortened. As for the binding energy, the modified pairs involving the 
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tzA and tzG bases are relatively less stable than their corresponding unmodified pairs, see Table 

1. The system that is most destabilized by the modification is the tHW tzA:U pair (EMod in gas 

phase of 2.68 kcal/mol), followed by the tzG:G pair (EMod in gas phase of 2.47 kcal/mol).  

 

 

Figure 5.3.3 trans Hoogsteen-Watson Crick base pairs. Stick representation of optimized 

structures of the four tHW base pairs with a modified A/G using its Hoogsteen edge for H-

bonding, and corresponding unmodified pairs. Values in parentheses correspond to the 

optimized distances in water and values out of parentheses correspond to optimized distances 

in the gas phase. All distances are in Ǻ.  
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5.3.3.3 Analysis of Electron density difference maps and Aromaticity Analysis. The electron 

density difference maps of the modified versus the natural bases, see Figure 5.3.4, show that 

changes in the electron density are negligible on the Watson-Crick edge, with minor electron 

density increase around the tzG O6,  tzC O4 and tzU O2 and N6 atoms. This is consistent with the 

comparable stability we found in the modified and unmodified base pairs in the cWW 

geometry. Because of the additional ring on the modified pyrimidines, comparison of electron 

density on the Hoogsteen edge is not meaningful for them. As for the two fluorescent purine 

derivatives, it is interesting that a decrease in the electron density is observed on the N7 atom, 

as compared to the natural A/G bases, which reduced basicity of N7 and may contribute to the 

decreased stability of the base pairs when the Hoogsteen edge of a tzG/ tzA is involved in H-

bonding. However, the major destabilization we calculated for the tHW tzG:G and  tzA:U base 

pairs, with an EMod of 2.47 and 2.68 kcal/mol, is due the clear increase of electron density 

around the S8 atom, which results in electrostatic repulsion with the electronegative uracil O4 

atom in tHW tzA:U and guanine O6 atom in the tHW tzG:G base pairs (bottom right corner in 

Figure 5.3.3). This conflict in electron density, would also explain why H-bonds in these base 

pairs are always elongated relative to the natural analogues. 
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Figure 5.3.4 Electron density maps. Electron density differences, in the base plane, between 

modified and unmodified bases are shown on the structures of the four modified bases, tzA, tzG, 

tzC and tzU. Density difference curves are plotted between −0.02 and 0.02 a.u., with a spacing of 

0.001 a.u. Blue (red) lines refer to negative (positive) density difference curves, i.e., to areas 

where the modified base presents reduced (increased) electron density, as compared to the 

corresponding natural base. 

 

Next, To understand how the aromaticity of the 6 and 5-membered rings of the non-natural 

isothiazolo bases is affected with respect to their natural counterparts, the nucleus-

independent chemical shift (NICS) was selected as a probe of aromaticity.(250) The NICS is 

defined as the negative of the absolute shielding computed at specific points around the 
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molecular system, in particular at ring centres, NICS(0) values, or 1 Å above the ring centres, 

NICS(1)values).(252) The larger the NICS values, i. e. the more negative, the more aromatic the 

ring.(253,254) In these calculations the NICS values of benzene are taken as reference.  

According to the values reported in Table 5.3.2, the NICS index of the 6 membered ring is 

always smaller than that of benzene, indicating reduced aromaticity of the 6-membered ring in 

both the natural and non-natural bases. Comparison of the NICS(1) indices of natural and non-

natural bases indicates that the aromaticity of the 6-membered ring of purine and pyrimidine 

bases is further reduced in the non-natural bases. For instance, the NICS(1) value for the 6-

membered of tzA is only -6.06, versus -8.01 for A. Similar trend is calculated for the other bases. 

In contrast, the aromaticity of the 5-membered ring of non-natural purines tzA/tzG, which is 

where the C8-H group in the natural base is replaced by a S8 in the non-natural base, is higher. 

For instance, the NICS(1) of the 5-membered ring of tzA is -11.63, versus -9.71 for A. Similar 

trend is observed of tzG and G, see Table 5.3.2. Overall, this clearly indicates that in the 6-

membered ring of non-natural bases, electrons in the pi-conjugated aromatic system are less 

delocalized relative to the natural nucleobase. Conversely, electron delocalization is more 

pronounced in the 5-membered ring of non-natural purines as compared to natural purines. To 

confirm the conclusions derived by comparison of the NICS, the harmonic oscillator model of 

aromaticity, HOMA, defined as the normalized sum of squared deviations of bond lengths from 

the optimal value in benzene, was also calculated, see again Table 5.3.2.(255) This alternative 

analysis supports the decrease of aromaticity value of the 6-membered ring for the non-natural 

tzA, tzU, tzG, and  tzC bases, when compared with the natural A, U, G and C bases.  
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Table 5.3.2 NICS(0), NICS(1) and HOMA aromaticity values for natural and modified bases.  

 

 6 membered ring 5 membered ring 

 NICS(0) NICS(1) HOMA NICS(0) NICS(1) 

C6H6 -8.227 -10.370 0.995 - - 

  A -6.032 -8.006 0.978 -11.201 -9.709 
tzA -2.538 -6.063 0.757 -13.465 -11.630 

  C -1.347 -3.173 0.755 - - 
tzC -0.800 -2.159 0.625 -12.915 -10.470 

  G -2.909 -3.426 0.803 -10.611 -8.821 
tzG -0.081 -2.244 0.549 -12.477 -10.474 

  U -1.089 -1.786 0.640 - - 
tzU 0.772 -0.945 0.489 -12.881 -10.460 

 

5.3.3.4. Photophysical Properties of isothiazolo[4,3-d]pyrimidine Nucleobase Analogues. The 

photophysical properties of natural and non-natural fluorescent nucleobases calculated in 

aqueous solution using TD-DFT method are included in Table 5.3.3. We find the lowest energy 

absorption peaks from the ground electronic state to the first excited singlet state at 332.3, 

346.2, 332.8 and 312.6 nm for tzA, tzG, tzC and tzU, respectively, which are in good agreement 

with the experimentally reported absorption peaks of 338, 333, 325 and 312 nm.(221) In all 

these cases, the peaks correspond to the Π to Π* HOMO to LUMO transition only, from the 

ground state (S0) to the first excited state (S1). This also holds true for tzG, despite natural G has 

an additional absorption peak corresponding to transition from the ground state to the second 

excited state (S2), differing by only 16 nm from that of the S0 to S1 transition, and having 

comparable oscillator strength. In the case of tzG, the S0 to S2 transition is 72 nm away from the 

S0 to S1 transition with vanishing oscillator strength. Furthermore, we have also calculated the 
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absorption peaks using the RI-CC2 approach (absorption peaks for tzA, tzG, tzC and tzU at 300.1, 

308.3, 320.9, and 297.5 nm respectively) however, we found that the experimental values are 

better reproduced by TD-DFT.(256,257) For comparison, we also calculated the same 

absorption peaks for the natural nucleobases, 250.8, 248.4, 255.7 and 246.40 nm for A, G, C 

and U bases, versus experimental values of 259, 252, 271, and 262 nm, respectively.(258) This 

indicates that the isothiazolo modification results in a bathochromic shift of roughly 90 nm for 

tzG and tzA, and of roughly 70 nm for tzC and tzU, as compared to their natural counterparts. 

Slightly larger bathochromic shifts were calculated in the emission spectra,(259) with 

bathochromic displacements of 138.0, 123.8, 109.8 and 97.3 nm for tzG, tzA, tzC and tzU with 

respect to natural bases. In general, non-natural pyrimidine nucleobases show lower 

bathochromic shifts relative to the natural bases. 

The origin of the bathochromic shift can be of course directly related to a reduced energy gap 

between the highest occupied and the lowest unoccupied molecular orbitals, the HOMO-LUMO 

gap. We thus analysed how the isothiazole modification impacts these orbitals. Focusing on 

energy, the data reported in Table 5.3.3 indicate that the energy of the HOMO is substantially 

unaltered by the modification, with differences between a non-natural base and its natural 

analogue within 0.1 eV. Differently, the modification has a strong impact on the energy of the 

LUMO, which is roughly 1.0-1.2 eV lower in energy in the modified bases relative to the natural 

analogues. This reduces the HOMO-LUMO gap from roughly 5.3-5.5 eV in the natural bases to 

roughly 4.0-4.4 eV in the modified bases, with the consequent bathochromic shift in the 

absorption and emission spectra. Considering that the HOMO energy is substantially unchanged 

from the natural bases, for the sake of simplicity we do not discuss them in detail here. Instead, 
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we focus on the LUMO, since variations in this molecular orbital are responsible for the 

different optical behaviour relative to the natural bases. As illustrative examples, the LUMOs of 

G and C are compared to those of tzG and tzC in Figure 5.3.5. Inspection of the Figure indicates 

that the LUMO of tzG shows higher participation of the 5-membered ring relative to G, with a 

strong participation of the S8 atom with its low energy p orbitals, which stabilize the LUMO. 

Similar behaviour is found when C and tzC are compared, with the LUMO of tzC of course 

delocalized also on the 5-membered ring. Finally, the reduced bathochromic shift of modified 

pyrimidines can also be rationalized in terms of reduced aromaticity of modified and natural 

pyrimidines relative to purines, see Table 5.3.2, which reduces the impact of the S8 atom on the 

absorption/emission properties of the modified bases. 

 

Table 5.3.3: Predicted photophysical properties of isothiazolo[4,3-d]pyrimidine nucleobase 

analogues and HOMO (H), LUMO (L) and HOMO-LUMO gap energies (ΔEHL). Values in 

parentheses correspond to the reported experimental values;(221) os. str. represents the 

oscillator strength. 

Base Absorption Emission        H L ΔEHL  

 abs os. str. em os. str.     
tzA 332.3(338) 0.177 422.6(410) 0.158 -6.31 -2.18 -4.13  
tzG 346.2(333) 0.117 429.6(459) 0.149 -5.99 -1.93 -4.06  
tzC 332.7(325) 0.147 417.7(411) 0.179 -6.42 -2.21 -4.21  
tzU 312.5(312) 0.131 380.2(392) 0.167 -6.74 -2.27 -4.47  

A 250.8 0.249 298.78 0.449 -6.21 -0.85 -5.36  

G 248.4 0.127 291.63 0.213 -5.84 -0.49 -5.35  

C 255.7 0.119 307.97 0.082 -6.47 -1.00 -5.47  

U 246.4 0.215 282.94 0.325 -6.83 -1.32 -5.51  
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Figure 5.3.5. Graphic representation of the lowest unoccupied molecular orbitals, LUMOs, of G 

and tzG (top) and of C and tzC (bottom). 

 

5.3.4 Conclusions 

We have investigated the electronic properties and the impact on base-pair stability of a 

recently proposed emissive RNA alphabet based on an isothiazolo[4,3-d]-pyrimidine core, tzA, 

tzU, tzG, and tzC, promising to be highly isomorphic and isofunctional with the four natural 

nucleobases. Our calculations showed that these four emissive nucleobases have indeed a 

minimal impact on the geometry and stability of classical Watson-Crick base pairs. The 

difference in electron density between modified and unmodified nucleobases is indeed minimal 

on their Watson-Crick edge. Therefore, a RNA duplex should be able to host the emissive 
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nucleobases, with no particular consequences in terms of H-bonding. This holds especially true 

for the purine derivatives, while for the pyrimidine ones steric impact from the additional 

isothiazole ring should be further investigated. Non canonical base pairs involving the purines 

Hoogsteen edge are instead slightly distorted by the modifications and destabilized by up to 2.7 

kcal/mol, as compared to their natural counterparts. Analysis of the electron density indicated 

that this destabilization is due to repulsive interaction involving the sulphur atom. Although the 

destabilization is moderate and a tHW for tzG:G structure was indeed experimentally observed, 

such destabilization could in principle disfavor the formation of specific tertiary motifs in the 

RNA structure and should be taken into account when these fluorescent nucleobases need to 

be inserted in complex RNA molecules.  

Analysis of bases aromaticity indicates a slightly reduced aromaticity for the 6-membered ring 

of non-natural purines and pyrimidines compared to the natural ones. In contrast, for the 5-

membered ring of non-natural purines, tzA/tzG, our analysis evidenced remarkably increased 

aromaticity relative to the natural bases, of course related to the presence of the S8 

substitution. Finally, analysis of the molecular orbitals allowed rationalizing the absorption and 

emission properties of the modified nucleobases. Our calculations indicate that the 

modification has strong impact on the energy of the lowest unoccupied molecular orbitals 

(LUMO) which is roughly 1.0-1.2 eV lower in energy in the modified bases relative to the natural 

analogues, without affecting much the highest occupied molecular orbitals (HOMO). This 

substantially reduces the HOMO-LUMO gap from roughly 5.3-5.5 eV in the natural bases to 
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roughly 4.0-4.4 eV in the modified bases, with the consequent bathochromic shift in the 

absorption and emission spectra.  

5.4 Theoretical Characterization of Sulfur-to-Selenium Substitution in an Emissive RNA 

Alphabet: Impact on H-bonding Potential and Photophysical Properties 

5.4.1 Introduction 

In the below section, we explain the computational design of a novel alphabet, exhibiting 

enhanced fluorescence properties while preserving the isomorphicity and possibly the 

isofunctionality of the original one. In this new alphabet, that we characterize here 

theoretically, we replaced the isothiazolo moiety hich is described in section 5.3 study with an 

isoselenazolo moiety, by substituting the sulfur atom at position 8 of the isothiazolo ring with a 

selenium (Se) atom.  

The basis for such a substitution is in the fact that selenium is well known to feature anomalous 

diffraction in X-ray crystallography, thus helping solve the phase problem.(260,261) 

Furthermore, selenium is present in RNA natural posttranscriptional modifications(262) and has 

already been artificially introduced in nucleic acid bases, in place of an oxygen atom for solving 

the phase problem(263), but also for changing their pairing specificity(264,265) Notably, these 

two effects have been combined in a recent study proposing a Se-based modification.(266)  

combined in a recent study proposing a Se-based modification.(266)  
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Figure 5.4.1 Structures of the natural (A/G/U/C), modeled fluorescent nucleobases (tsA/ tsG/ tsC/ 

tsU) and the modeled size expanded non-natural nucleobases (xtsA/ xtsG/ xtsC/ xtsU). The sugar-

phosphate backbone of the natural and non-natural bases has been truncated at C1’, notated 

as ‘R’ in the figure. 

The nucleobases composing this new fluorescent alphabet are shown in Figure 5.4.1, we named 

them: tsA, tsG, tsC, and tsU (ts-bases). Herein, we also modeled a size-expanded RNA alphabet 

based on the ts-bases, where a benzene spacer is inserted between the isoselanozolo and the 

pyrimidine ring of the molecular scaffold. Nucleobases size-expansion by addition of an 

aromatic or heterocyclic ring is indeed a well-established strategy to increase their aromatic 

surface and, in turn, their emissive properties,(230,267) Very recently, a benzo-homologated 

(xtz-) isothiazole RNA alphabet has also been proposed.(268) These bases are also shown in 

Figure 5.4.1, we named them: xtsA, xtsG, xtsU, and xtsC (xts-bases).  

We performed electronic structure calculations to evaluate the impact of the modification on 

the structure and energy of the base pairs involving the Se-containing ts-modified nucleobases, 

and compared the results with those obtained for the S-containing tz-bases. In analogy to our 
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previous studies,(40,41,45,123,185,242,243) we initially focused on the effect of the 

modification on the geometry and energetics of the H-bonded base pairs they participate in. 

First, we considered the classical cis Watson-Crick pairing (cWW), involving the unperturbed 

Watson-Crick edge, next, as the Hoogsteen edge in the two fluorescent purines also remains 

unmodified and available for H-bonding, we also investigated geometries involving the purines 

Hoogsteen edge on the similar combination of base pairs as in our previous study. in all the 

possible combinations.  We characterized the structural and energetic impact of the 

modification on the Watson-Crick base pairing potential also for the size-expanded xts-bases. 

In addition, we compared the aromatic character of the modeled ts-bases, as it can affect their 

stacking properties, and compared it with that of natural and tz-bases. Finally, we calculated 

the optical absorption properties of the modified nucleobases, compared them with those of 

natural and tz-bases, and rationalized them in terms of modification of the molecular orbitals. 

Our and other theoretical studies of fluorescent nucleobases have indeed shown that an 

accurate DFT protocol can fairly reproduce their experimental absorption and emission 

spectra.(237,238,269) Overall, our calculations indicate that the sulfur-to-selenium substitution 

in the novel ts-bases causes an enhanced absorption/emission properties, as compared to the 

tz-ones, while having only a minor effect on their H-bonding potential.  

5.4.2 Models and Computational Details    

Modeling the interaction systems. Initially, we  focused on studying the impact on H-bonding 

of the modeled tsA, tsG, tsC, and tsU bases possessing the canonical Watson-Crick H-bonded base 

pairs in combination with the natural A, G, C, and U bases, by taking into account the tsA:U, 
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A:tsU, tsG:C, and G:tsC base pairs. Then, we also studied the H-bonding interactions where both 

the bases were modified, that is the tsA:tsU and tsG:tsC base pairs. Similar to our previous study 

on tz-bases,(269) we further modeled four different H-bonding geometries, where modified 

purine bases, tsA and tsG, pairs utilizing their ‘Hoogsteen’ edge for H-bonding. The first three 

involve the participation of tsA, utilizing its Hoogsteen edge to form H-bonding interaction with 

the Watson-Crick (W) edge of natural A/U/C bases, forming the tsA:A, tsA:U, tsA:C base pairs, all 

interacting with a trans orientation of the glycosidic bonds (tHW geometry). The fourth 

interaction we modeled is the tsG:G tHW base pair, where the modified tsG base uses its 

Hoogsteen edge to H-bond to the Watson-Crick edge of the natural G base.  Next, we 

computationally modeled a size-expanded RNA alphabet based on the computationally 

modeled ts-bases. In particular, a benzene spacer was inserted between the isoselanozolo and 

the pyrimidine ring of the molecular scaffold, and the modified base analogs (xts-bases) were 

trivially named as xtsA, xtsG, xtsU, and xtsC, and their interaction with the natural A/U/G/C bases 

were studied, see Figure 5.4.4. For each of the modeled non-natural base pairs, we also 

modeled their corresponding unmodified/natural geometries. Thus, in total, we modeled 

twenty different combinations of the non-natural modified base pair systems along with their 

natural base pair counterparts. For all the model systems described above, the base pairs are 

truncated at the C1’ atom of the ribose. This is the standard approach used in literature.(35-

37,40,41,242,244,270,271)  

Electronic structure calculations. The geometry optimizations of the H-bonded base pairs were 

performed utilizing a DFT approach, based on the hybrid B3LYP functional as implemented in 
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the Gaussian09 package.(27-29) The correlation-consistent polarized valence cc-pVTZ basis 

set(30) was used for all the geometry optimizations in gas phase as well as in water, modeled 

with the C-PCM continuum solvation model.(31) Since dispersion interactions might contribute 

differently to the stability of the base pairs under study, we explicitly added Grimme’s D3 

correction term to the electronic energy also geometry optimization.(32) Interaction energies 

were calculated at the second order Møller-Plesset (MP2)(26) level of theory, on the B3LYP-

D3/cc-pVTZ optimized geometries, using the augmented aug-cc-pVTZ basis set. For these 

calculations we took advantage of the RIMP2(33) method as implemented in Turbomole 6.1 

package, with water modeled with the continuum solvation model COSMO.(31) All the 

interaction energies were corrected for the basis set super position error (BSSE),(34) using the 

standard counterpoise procedure.(34) Thus, the binding energy EBind is calculated as in Eq. 1:  

EBind = EComplex – (EM1 + EM2),    (1)  

where EComplex is the electronic energy of the optimized M1:M2 base pair, EM1 and EM2 are the 

electronic energies of the optimized M1 and M2 bases. In addition, the basis set superposition 

error (BSSE) is removed from EBind using the counterpoise correction method proposed by Boys 

and Bernardi.(34) 

EBind of Eq. 1 can be reweitten as: 

EBind = EInt + EDef ,   (2)  
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Where EDef is the deformation energy, corresponding to deform the isolated bases to the 

geometries they will assume in the complex, and EInt is the interaction energy between these 

deformed geometries in the final complex.   

This is a rather standard approach used in this kind of calculations.(35-41)  In the present study, 

we also derived the interaction energies in water, which were calculated using the same recipe 

as suggested by Sponer and coworkers.(35,42) 

To have an immediate and intuitive understanding of the impact of a specific modification 

under study, we introduce the modification energy, EMod, defined as the energy difference 

between the binding energy of the modified and of the corresponding natural base pair (in this 

specific case A:U and G:C base pair),(185,242) as shown in Eq. 3. 

EMod = EBind(modified base pair) – EBind(natural base pair). (3) 

Within this definition, positive and negative EMod values indicate modifications that decrease or 

increase the stability of a specific base pair, respectively, as EBind are, by definition, negative. 

Absorption and emission spectra were calculated with time dependent density functional 

theory (TDDFT),(246-248) using the B3LYP functional as implemented in the Gaussian09 

package. A similar theoretical approach has already been used on the non-natural emissive RNA 

alphabet derived from thieno[3,4-d]-pyrimidine and isothiazolo[4,3-d]pyrimidine 

core.(237,238,249,269) Geometry optimization of the singlet ground state (for absorption) and 

of the first singlet excited state (for emission) were performed without symmetry constraints. 

To calculate photophysical properties we used the B3LYP functional, as a benchmark study to 
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reproduce the experimental absorption and emission wave lengths of the tz-bases indicated it 

performs better than other computational methods. 

Electron density analysis. Comparative analysis of the electron density of natural (A/U/G/C) 

and modified (tsA, tsU, tsG, tsC) bases was performed as follows. First, we reoptimized the 

geometries in order to minimize noise during the electron density difference analysis. For 

instance, the geometry of the tsA base was optimized at the B3LYP-D3/cc-pVTZ level of 

theory. For the sake of easier analysis,(45) CS symmetry with the symmetry plane coincident 

with the purine plane was imposed, and the electron density analysis was performed in the 

symmetry plane. After optimization, we compared the RI-MP2/aug-cc-pVTZ electron densities 

of the modified tsA base, ρtsA, and that of the unmodified A base with the geometry it has in the 

tsA base, ρA/tsA. In other words, we took the optimized geometry of the tsA base, and we 

replaced the C9 carbon of tsA with nitrogen, plus we replaced the selenium atom of tsA with a 

carbon, and we added an H atom al 1.0 Ǻ to the C8 position. The geometry of this A base was 

optimized by fixing the atoms of the 6-membered ring plus the N7 atom. With this approach, 

the heavy atom skeleton of the tsA and the A bases is identical and thus can be perfectly 

superimposed. This is fundamental to avoid noise in the analysis of the electron density 

difference, ρtsA–A/tsA = ρtsA −ρA/tsA. A similar procedure was followed for the other bases. 

Similarly, to compare the electronic density differences between tz-base and ts-bases, we 

adopted the similar protocol.   

Aromaticity analysis. Aromaticity of the nucleobases was quantified using the nucleus-

independent chemical shifts (NICS) values proposed by Schleyer and co-workers,(250) 
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computed using the gauge-including atomic orbital method(251) (GIAO) and including the 

solvent contribution by C-PCM. The NICS is defined as the negative of the absolute shielding 

computed at specific points around the molecular system, , in particular at ring centres, NICS(0) 

values, or d Å above such ring centres, NICS(d) values.(252) In the current work, NICS(1) is 

defined as the average value of the shielding calculated 1.0 Å above and below the center of 

each ring in the bases. Thus, for purines two NICS(1) values are reported, one corresponding to 

the 6-membered ring, the other to the 5-membered ring. 

 

5.4.3. Results and Discussion 

In order to study the impact of the computationally designed fluorescent nucleobases, tsA, tsU, 

tsG and tsC (Figure 5.4.1), on the structure and stability of nucleic acids base pairs, 16 different 

base pair models have been considered, half in the classical antiparallel Watson-Crick (cWW) 

geometry, characteristic of antiparallel duplex structures (see Figure 5.4.2), and the remaining 

ones in the trans Hoogsten-Watson-Crick (tHW) geometry (see Figure 5.4.3), required for 

building several tertiary structural motifs.(22) Additional four base pairing geometries have 

been modeled for the size-expanded RNA alphabets (see Figures 5.4.1 and 5.4.4). The 

optimized geometry and the binding energy calculations were performed in the gas phase and 

in water for each of the modeled base pair. To have an immediate measure of the impact of a 

specific modification on the corresponding base pair, we used the modification energy, EMod, 

defined as the difference between the binding energy of the modified and of the corresponding 

unmodified  base pair, for instance tsG:C cWW or tsG:tsC cWW versus G:C cWW (see Methods). 
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By definition, negative and positive values of EMod indicate that the modified base pair is more 

or less stable than the corresponding unmodified base pair. Table 5.4.1 summarizes the 

calculated interaction energies and EMod values for the investigated base pairs. For comparison, 

the E*Mod have also been reported for the tz-base pairs, which have previously been calculated 

by us at the same level of theory.(269) Optimal geometries with the H-bonding distances in gas 

phase and in water are also reported for the base pairs forming ‘Watson-Crick’ and ‘Hoogsteen’ 

base pairs are shown in Figures 5.4.2 and 5.4.3, respectively.  Similarly, the optimal gas phase 

and in water H-bonding distances of the ‘Watson-Crick’ geometries of the size-expanded xts-

base pairs have been shown in Figure 5.4.4. 

 

Table 5.4.1. Energy decomposition values, in kcal/mol. The cWW and tHW geometries for the 

non-natural ts-bases and their corresponding natural bases have been calculated. EInt is the 

interaction energy of the two bases in the base pair without inclusion of deformation energy. 

EDef is the deformation energy of the two bases calculated as the difference between the energy 

of the geometry they have in the base pair and the energy of the geometry they have when 

optimized alone. EBind is the sum of the interaction and deformation energies, which is EBind = 

EInt + EDef.  EMod is the difference between the binding energy of the modified base pair and of 

the reference unmodified pair. Negative and positive values of EMod indicate that the modified 

base pair is more stable or less stable than the corresponding unmodified base pair. E*Mod 

(gas) and E*Mod(W) corresponds to the modification energy of the tz-bases as calculated in 

reference.(269) 
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System Geometry EInt EDef EBind(gas) EMod(gas) E*Mod(gas) EBind(W) Emod(W) E*Mod(W) 

A:U cWW -16.5 1.4 -15.0       -         - -7.9         - - 

A:tsU cWW -16.3 1.4 -15.0 0.1 0.0 -7.9 0.0 0.0 

tsA:U cWW -16.7 1.5 -15.2 -0.2 -0.2 -8.0 -0.1 0.0 

tsA:tsU cWW -16.6 1.5 -15.1 0.0 0.0 -7.9 0.0 0.0 

G:C cWW -30.7 2.8 -28.0        -        - -12.5         - - 

G:tsC cWW -30.3 2.7 -27.6 0.4 0.4 -12.5 0.0 0.0 

tsG:C cWW -29.3 2.9 -26.4 0.6 0.4 -12.1 0.4 0.3 

tsG:tsC cWW -28.7 2.8 -26.0 2.0 0.9 -12.0 0.5 0.4 

A:A tHW -13.8 1.3 -12.5      -         - -7.1         - - 

tsA:A tHW -12.5 1.6 -10.9 1.6 1.3 -6.5 0.7 0.7 

A:U tHW -17.1 1.2 -15.9        -  - -8.1         - - 

tsA:U tHW -15.6 1.5 -14.1 1.8 2.7 -7.7 0.4 1.1 

A:C tHW -17.1 1.6 -15.6       -          - -7.3          - - 

tsA:C tHW -16.0 1.9 -14.1 1.5 0.9 -6.6 0.7 0.7 

 G:G tHW -21.0 -0.1 -21.1       -          - -9.0          - - 

tsG:G tHW -20.9 0.5 -20.4 0.8 2.5 -9.1 -0.2 0.9 
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Figure 5.4.2. Cis Watson-Crick base pairs. Stick representation of unmodified and modified 

cWW A:U base pairs (left) and of unmodified and modified cWW G:C base pairs (right). Values 

in parentheses correspond to optimized H-bond distances in water and values out of 

parentheses correspond to optimized distances in the gas phase. All distances are in Å.  

 

5.4.3.1 Structural and Energetic Impact of the modified nucleobases 

Watson-Crick Base pairs.  Eight base pairs featuring a cWW geometry have been considered, 

four of them corresponding to the modified/unmodified A:U pair and the other four to the 

modified/unmodified G:C pair (Figure 5.4.2). In two cases, tsA:tsU and tsG:tsC, the modifications 

are present on both the bases, while for the tsA:U/ A:tsU and tsG:C/G:tsC pairs the modification is 
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present on a single base. The optimized structures in gas phase and in water of the modified 

tsA:U, A:tsU and tsA:tsU cWW base pairs are extremely similar to that of the classical A:U cWW 

pair, with differences in H-bond lengths within 0.05 Å. The C1’-C1’ distance, a parameter 

indicating the isostericity of H-bonded base pairs(22,77) is almost identical in the modified and 

unmodified A:U pairs (10.52 Å for A:U versus 10.48/10.56/10.51 Å for A:tsU/tsA:U/tsA:tsU). As for 

the base pairs, where the tsG and tsC modifications are included, a similar trend has been 

observed. The tsG:C, G:tsC and tsG:tsC base pair geometries are extremely similar to that of the 

natural G:C cWW base pair, with differences in H-bond distances within 0.04 Å. Similarly, the 

C1’-C1’ distances are also very similar (10.71 Å for G:C versus 10.82/10.74/10.82 Å for 

G:tsC/tsG:C/tsG:tsC). Moving on to the energetics, the binding energies of the modified pairs 

involving tsA and tsU bases are also extremely similar to that of the classical A:U cWW pair, with 

EMod within -0.2 kcal/mol both in the gas phase and in water. However, for the modified base 

pairs involving tsG and tsC, (see the tsG:tsC pair), a destabilizing effect is found with EMod values 

within +2.0 and +0.4 kcal/mol in gas phase and in water, respectively. Overall, our geometric 

and energetic analysis indicates that the H-bonding properties on the ‘Watson-Crick’ edge are 

substantially conserved.  

Non Watson-Crick Base pairs. Looking at the geometries of the tsA and tsG bases, it seems 

evident that their Hoogsteen edge remains unperturbed, allowing these non-natural purine 

bases to be engaged in potential non Watson-Crick H-bonding. Here, we have specifically 

studied the tHW tsA:A, tsA:U, tsA:C and tsG:G base pairs. In all these studied cases, the Hoogsteen 

edge of the modified tsA/ tsG bases interacts with the natural A/U/G/C bases utilizing its 
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Watson-Crick edge, and in the trans orientation of glycosidic bonds. All the four systems were 

compared with the corresponding unmodified base pairs (see Figure 5.4.3).  

The optimized geometries of all the modified tHW base pairs we analysed are quite similar to 

their corresponding unmodified base pairs. The H-bonding distance differences between the 

modified and unmodified geometries stay within 0.11 Å. We notice that the H-bond involving 

tsA/tsG N7 is always elongated, while the other H-bond, involving the tsA/tsG O6/N6 atoms is 

shortened. As for the binding energy, the modified pairs involving the tsA and tsG bases are 

relatively less stable than their corresponding unmodified pairs, see Table 5.4.1. The system 

that is most destabilized by the modification is the tHW tsA:U pair (EMod in gas phase of 1.8 

kcal/mol), followed by the tsA:A pair (EMod in gas phase of 1.6 kcal/mol).  

5.4.3.2 Structural and Energetic Comparison of ts-bases versus the tz-bases 

The overall structures of the modeled ts-bases and the previously reported tz-bases seem to be 

isomorphic, with the only difference that the sulfur atom is replaced by a heavy selenium atom. 

The usage of a selenium atom in nucleic acid bases has already been reported.(263-266) The 

replacement of sulfur in tz-bases with selenium in ts-bases may possess two possible 

advantages, the former one being that the selenium in ts-bases could act as a scattering label 

for the phase determination in X-ray crystallography, the latter one being the enhanced 

absorption and emission when ts-bases are used instead.  

Our previous computational investigation of tz-bases has clearly pointed out the minimal 

impact of these bases on the H-bonding and the energetics of the base pairs they are involved 

in.(269) Analogously, a very similar impact on H-bonding distances has been observed involving 
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ts-bases, with the H-bond distances, with in 0.01 Å for the cWW base pairs and 0.05 Å for tHW 

base pairs with respect to the tz-bases. As for the energetics, the EMod of the ts-bases and the 

tz-bases are very similar for the cWW base pairs, apart from the tsG:tsC base pair, where a 

destabilization of 1.1 kcal/mol has been calculated with respect to tzG:tzC in the gas phase (see 

Table 5.4.1).(269) The low stability of this base pair may be correlated with the high 

deformation energy of 2.8 kcal/mol for tsG:tsC versus 1.9 kcal/mol for the tzG:tzC base pair. Next, 

for the tHW base pairs, a stabilization of 0.9 and 1.7 kcal/mol has been observed for tsA:U and 

tsG:G  pair, as compared to their respective tz-analogues. 
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Figure 5.4.3. Non-Watson Crick base pairs. Stick representation of optimized structures of the 

four tHW base pairs with a modified A/G using its Hoogsteen edge for H-bonding and 

corresponding unmodified pairs. Values in parentheses correspond to the optimized distances 

in water and values out of parentheses correspond to optimized distances in the gas phase. All 

distances are in Å.  

 

Figure 5.4.4: Stick representation of the modified geometries of xts-bases paired with their 

natural complimentary bases. Values in parentheses correspond to optimized H-bond distances 

in water and values out of parentheses correspond to optimized distances in the gas phase. All 

distances are in Å.  

 

5.4.3.3 Structure and Energetic Impact of Size-Expanded Modified base pairs involving xts-

bases 
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The optimized geometries we obtained for the Watson-Crick (WC) base pairs formed between 

the xts-bases and their natural complementary bases are shown in Figure 5.4.4. The optimized 

base pairs exhibit planar geometries and possess similar H-bonding distances to the natural 

ones. In order to examine the influences introduced by the size-expansion on H-bonding ability, 

the interaction energies of these base pairs were also calculated. The calculated EBind are 

predicted to be -14.8/-15.4 and -27.9/-26.9 kcal/mol, respectively, for the A:xtsU/xtsA:U and the 

xtsC:G/xtsG:C base pairs. At the same level of theory, the calculated interaction energies for the 

corresponding natural and cWW base pairs were extremely similar, namely 15.0 for A:U and -

28.0 kcal/mol for G:C. It means that the modified bases can form stable WC base pairs with 

natural complementary bases and the size-expansion would not influence greatly the pairing 

abilities of xts-bases with the natural bases, although the steric hindrance due to the additional 

benzene ring may impair the formation of a regular RNA duplex. 

 

5.4.3.4 Electron density difference maps. The electron density difference maps of the ts-

modified bases versus the unmodified/natural bases clearly show that changes in the electron 

density are negligible on the bases Watson-Crick edge, with minor electron density increase 

around the tsG O6,  tsU O4 and tsC O2and N4 atoms (see Figure 5.4.5). This result is analogous to 

what we previously found for the tz-bases.(269) These observations are consistent with the 

comparable stability of the modified and unmodified base pairs, when involved in cWW 

geometries. As for the Hoogsteen edge, please notice that the comparison is limited to the two 

purine derivatives, as the additional ring of the modified pyrimidines makes comparison of the 

electron density on this edge meaningless. For the two fluorescent purine derivatives, a slight 
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decrease in the electron density is observed on the N7 atom, as compared to the natural A/G 

bases, which reduces the basicity of N7 and may contribute to the decreased stability we 

observed for the base pairs where the Hoogsteen edge of a tsG/ tsA is involved in H-bonding.  

Finally, to get insight on how the electron density changes when sulfur of the tz-bases is 

replaced by selenium in the ts-bases, we also plotted the electron density difference between 

the ts- and tz-bases (see Figure 5.4.5). A large increase in the electron density is obviously 

observed around the selenium atom. Atoms on the Watson-Crick edge are basically unaffected, 

while a slight increase in electronic density is observed around the N7 atom of the modified ts-

bases, which suggests it to be a better H-bond acceptor in ts-bases than in the tz-bases. This 

may explain the shortening we observed in the H-bonds between N1(G) and N7(tsG) in tsG:G 

tHW and between N3(U) and N7(tsA) in tsA:U tHW, as compared to their tz-base pair 

counterparts.(269) 
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Figure 5.4.5 Electron density maps and Aromaticity Analysis. A Electron density differences, in 

the base plane, between modified and natural (unmodified) bases are shown on the structures 

of the four modified bases, tsA/A, tsG/G, tsC/C and tsU/U. B Electron density differences, in the 

base plane, between tsA, tsG, tsC and tsU bases and tzA, tzG, tzC and tzU bases are shown on the 

structures of the four modified bases, tsA/ tzA, tsG/ tzG, tsC/ tzC and tsU/ tzU. Density difference 

curves are plotted between −0.02 and 0.02 a.u., with a spacing of 0.001 a.u. Blue (red) lines 

refer to negative (positive) density difference curves, i.e., to areas where the modified base 

presents reduced (increased) electron density, as compared to the corresponding natural base. 

Only atoms discussed in the text are labeled. 

Next, In order to probe how the aromaticity of the 6- and 5-membered rings of the non-natural 

ts-bases is affected with respect to the tz-bases and their natural counterparts, the nucleus-

independent chemical shift (NICS) descriptor was selected.(250) The NICS is defined as the 

negative of the absolute shielding computed at specific points around the molecular system, in 
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particular at ring centres, NICS(0) values, or 1 Å above the ring centres, NICS(1)values).(252) The 

ring is more aromatic in correspondence of larger values of the NICS, i. e. more negative 

values.(253,254) The NICS values of benzene are taken as reference. In addition, harmonic 

oscillator model of aromaticity (HOMA) values, defined as the normalized sums of squared 

deviations of bond lengths from the optimal values in benzene,(255) were also calculated. All 

calculated NICS and HOMA values are reported in Table 5.4.2.  

Comparison of the NICS(1) indices of natural and non-natural bases indicates that the 

aromaticity of the 6-membered ring of purine and pyrimidine bases is significantly reduced in 

the non-natural ts-bases. For instance, the NICS(1) value for the 6-membered ring of tsA is only -

5.46, versus -8.01 for A. A similar trend is observed for the other bases. In contrast, the 

aromaticity of the 5-membered ring of non-natural purines tsA/tsG, where the C8-H group in the 

natural base is replaced by a selenium atom in the non-natural ts-bases, is enhanced, although 

to a lower extent. For instance, the NICS(1) of the 5-membered ring of tsA is -10.80, versus -9.71 

for A. A similar trend is observed of tsG and G (see Table 5.4.2). This analysis clearly indicates 

that in the 6-membered ring of non-natural bases, electrons in the Π-conjugated aromatic 

system are less delocalized relative to the natural nucleobase whereas the electron 

delocalization is more pronounced in the 5-membered ring of non-natural purines as compared 

to natural purines. The alternative HOMA analysis also supports the decrease of aromaticity of 

the 6-membered ring for the non-natural tsA, tsU, tsG, and tsC bases, when compared with the 

natural A, U, G and C bases. Finally, as for the comparison between the ts- and tz-bases, the 

NICS and HOMA indices are lower (in absolute value) for the modelled ts-bases, indicating a 
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decreased aromaticity for these modified bases. This might have an influence on the stacking 

ability of the modified ts-nucleobases with the surrounding residues, to be further investigated.  

Table 5.4.2. NICS(0), NICS(1) and HOMA aromaticity values for natural and modified ts-bases. 

For the sake of comparison, the previously reported values for tz-bases are also reported, in 

parenthesis.(269) 

                          6 membered ring   5 membered ring 

 NICS(0) NICS(1) HOMA NICS(0) NICS(1) 

C6H6         -8.227 -10.370 0.995 - - 

  A         -6.032 -8.006 0.978 -11.201 -9.709 
tsA  -1.617(-2.538)  -5.461(-6.063)  0.664(0.757)  -12.496(-13.465)  -10.796(-11.630)  

  C         -1.347 -3.173 0.755 - - 
tsC +1.594(-0.800)  -1.655(-2.159)  0.467(0.625)  -11.911(-12.915)   -4.117(-10.470)  

  G        -2.909 -3.426 0.803 -10.611 -8.821 
tsG  +1.004(-0.081)   -1.669(-2.244)  0.326(0.549)  -11.416(-12.477)  -9.525(-10.474)  

  U         -1.089 -1.786 0.640 - - 
tsU         +1.363(0.772)  -0.675(-0.945) 0.289(0.489)  -11.916(-12.881)  -9.612(-10.460) 

 

 

5.4.3.5 Photophysical Properties of isoselenazolo[4,3-d]pyrimidine Nucleobase Analogues. 

The predicated photophysical properties of natural and modelled ts-bases nucleobases 

calculated in water using the TDDFT/B3LYP method are reported in Table 5.4.3. We find the 

lowest energy absorption peaks from the ground electronic state to the first excited singlet 

state at 351.2, 362.5, 350.6 and 329.6 nm for tsA, tsG, tsC and tsU, respectively. The highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 

studied ts-bases have the typical Π molecular orbital characteristics, and we infer that the 

absorption and emission correspond to the Π to Π* HOMO to LUMO transition only, from the 
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ground state (S0) to the first excited state (S1). For comparison, we also calculated the same 

absorption peaks for the natural nucleobases, 250.8, 248.4, 255.7 and 246.4 nm for A, G, C and 

U bases, versus experimental values of 259, 252, 271, and 262 nm, respectively.(258) The 

comparison of absorption peaks for natural and ts-bases clearly indicates that modification in 

the ts-bases results in a bathochromic shift of roughly 100 nm and 114 nm for tsA and tsG, and 

of roughly 95 nm and 83 nm for tsC and tsU bases. Slightly larger bathochromic shifts were 

calculated in the emission spectra,(259) with bathochromic displacements of 130.6, 164.3, 

133.1 and 119.6 nm for tsA, tsG, tsC and tsU, with respect to natural bases. In general, non-natural 

pyrimidine nucleobases show lower bathochromic shifts relative to the natural bases.  

As explained in our earlier contribution(269), the origin of the bathochromic shift can be of 

course directly related to a reduced energy gap between the highest occupied and the lowest 

unoccupied molecular orbitals, the HOMO-LUMO gap. Focusing on energy, the data reported in 

Table 5.4.3 indicate that the energy of the HOMO is substantially unaltered by the modification, 

with differences between a non-natural base and its natural analogue within 0.2 eV. In contrast, 

the modification has a strong impact on the energy of the LUMO, which is roughly 1.0-1.6 eV 

lower in energy in the modified bases relative to the natural analogues. This reduces the 

HOMO-LUMO gap from roughly 5.3-5.5 eV in the natural bases to roughly 3.9-4.3 eV in the 

modified ts-bases, with the consequent bathochromic shift in the absorption and emission 

spectra. Remarkably, the respective bathochromic displacements of 18.9, 16.3, 17.8 and 17.0 

nm for absorption and 6.8, 26.3, 23.4, 22.3 nm for emission were calculated for tsA, tsG, tsC and 

tsU compared to tzA, tzG, tzC and tzU bases, see Table 5.4.3. The comparative analysis of the 

HOMO and LUMO energy values for the natural, tz-bases and the ts-bases have been given in 
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Figure 5.4.6. This analysis clearly indicates that newly modelled ts-bases are expected to exhibit 

better fluorescent properties when compared to previously reported tz-bases.  

Table 5.4.3. Predicted photophysical properties of ts-bases based on isoselenazolo[4,3-

d]pyrimidine nucleobase analogues and HOMO (H), LUMO (L) and HOMO-LUMO gap energies 

(ΔEHL). Values in parentheses correspond to the predicted absorption/emission (abs/em) values 

of the tz-bases;(269) os. str. stands for the oscillator strength. The Δ(abs), and Δ(em) values 

correspond to the difference in absorption and emission between ts-bases and tz-bases.   

Base  Absorption  Emission        H L ΔEHL  

 abs

Δ(abs) os. 

str. em

Δ(em) os. 

str.  

   

tsA 351.2(332.3) 18.9 0.165 429.4(422.6) 6.8 0.226 -6.25 -2.30 -3.95  
tsG 362.5(346.2) 16.3 0.127 455.9(429.6) 26.3 0.151 -6.01 -2.11 -3.90  
tsC 350.6(332.8) 17.8 0.157 441.1(417.7) 23.4 0.186 -6.34 -2.31 -4.03  
tsU 329.6(312.6) 17.0 0.149 402.5(380.2) 22.3 0.179 -6.62 -2.37 -4.25  

A 250.8 - 0.249 298.78 - 0.449 -6.21 -0.85 -5.36  

G 248.4 - 0.127 291.63 - 0.213 -5.84 -0.49 -5.35  

C 255.7 - 0.119 307.97 - 0.082 -6.47 -1.00 -5.47  

U 246.4 - 0.215 282.94 - 0.325 -6.83 -1.32 -5.51  
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Figure 5.4.6. Graphic representation of the E(eV) of the lowest unoccupied molecular orbitals, 

LUMOs, represented by L-nat for natural bases, L-tz for tz-bases and L-ts for ts-bases, and the 

highest occupied molecular orbitals, HOMOs, of the natural, tz-bases and ts-bases. 

 

5.4.4 Conclusions of the present study 

We have computationally characterized a new fluorescent RNA alphabet composed by four 

nucleobases, that we named ts-bases, derived by replacing sulfur with selenium in the 

previously reported tz-bases.(221) From our analysis, the novel tsA, tsU, tsG, and tsC bases result 

to be highly isomorphic with the four natural nucleobases, although the additional 

isoselenazole ring on the pyrimidine derivatives might cause a steric hindrance in the context of 

RNA structures.  We have investigated the H-bonding potential and the photophysical 

properties of these novel nucleobases. Our calculations indicate that these non-natural 

nucleobases have a minimal impact on the geometry and stability of classical Watson-Crick base 
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pairs, as also confirmed by the insignificant difference in electron density between the Watson-

Crick edges of non-natural and natural nucleobases. However, the non Watson-Crick base pairs 

involving the purines (tsA, tsG) Hoogsteen edge get destabilized by up to 1.8 kcal/mol on 

modification as compared to their natural counterparts, suggesting that some RNA tertiary 

motifs could be slightly destabilized by these modified nucleobases. Analysis of bases 

aromaticity indicates reduced aromaticity for the 6-membered ring of non-natural purines and 

pyrimidines compared to the natural ones. In contrast, for the 5-membered ring of non-natural 

purines, tsA/tsG, our analysis indicated an increased aromaticity relative to the natural bases, 

although at a lower extent. Our calculations also show that the modification has a strong 

impact on the energy of the lowest unoccupied molecular orbitals (LUMO), which is roughly 

1.0-1.6 eV lower in energy in the modified bases relative to the natural analogues, without 

affecting significantly the highest occupied molecular orbitals (HOMO). This results in a 

substantial reduction of the HOMO-LUMO gap in the modified bases, with the consequent 

bathochromic shift in the absorption and emission spectra. Remarkably, increased 

bathochromic displacement of 18.9, 16.3, 17.8 and 17.0 nm for absorption and 6.8, 26.3, 23.4, 

22.3 nm for emission were calculated for tsA, tsG, tsC and tsU bases as compared to tzA, tzG, tzC 

and tzU bases, respectively. Overall, our analysis clearly indicates the newly modelled ts-bases 

as extremely promising fluorescent base analogues, in view of their expected better fluorescent 

properties as compared to the previously reported tz-bases, and proposes them for 

experimental investigation. Finally, we also show here that a size-expanded fluorescent RNA 

alphabet, where a benzene ring is inserted between the 5- and the 6-membered ring of the ts-

bases, can form stable Watson-Crick base pairs with the natural complementary nucleobases. 
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Chapter 6 

Occurrence and Stability of Lone Pair- Stacking Interactions between Ribose 

and Nucleobases in Functional RNAs  

6.1 Introduction 

To overcome the electrostatic repulsion due to the negative charge featured by each nucleotide 

and achieve a compact 3D fold, RNA molecules employ a variety of stabilizing strategies. In 

addition to the strong edge-to-edge hydrogen bonding interactions between the bases, many 

other weaker factors contribute to the stability of an overall RNA fold and of specific structural 

motifs. These include - stacking between the nucleobases (272,273), posttranscriptional 

modifications (104,125,242,274,275), environmental factors such as structural water molecules 

(40), metal ions (45,187), protonation of nucleobases (39,276,277), and a variety of base-

backbone interactions (278), some of which are probably yet to be revealed. 

Focusing on base-backbone interactions in nucleic acids, one involving the O4ʹ atom of cytosine 

deoxyribose and a guanine nucleobase was first reported almost two decades ago by Egli and 

co-workers as a stabilizing structural element of the Z-DNA double-helix structure (279). This 

interaction was characterized as a non-covalent contact between the O4ʹ atom lone pair(s) of 

the sugar and the  cloud of the aromatic system of the nucleobase and was thus defined as a 

lone pair- (lp-) interaction. Recently, a structural survey of the Protein Data Bank (PDB) by 

Auffinger and coworkers revealed the presence of “Z-DNA like” steps in RNA molecules, 

involving the O4ʹ atom of a ribose and the nucleobase of the subsequent nucleotide (280). 

Instances of lp- interactions involving the oxygen of a water molecule have also been reported 
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both in RNA, specifically in structures of a ribosomal frame-shifting RNA pseudoknot (281), and 

in proteins (282). Lone pair- interactions between O4ʹ of the deoxyribose and aromatic amino 

acids have also been reported and energetically characterized in the context of DNA-protein 

interactions (283) Moreover, instances of oxygen-aromatic contacts in intra-strand base pairs in 

DNA have also been reported (284). In a broader perspective, stacking contacts between a 

ribose and a nucleobase parallel the carbohydrate- contacts described in glycobiology (285-

289) and nanobiotechnology (290), and the lp- interactions between electron-rich atoms and 

electron-deficient aromatic rings observed in organic compounds, supramolecular assemblies 

and solid-state structures (291-298).  

Although the awareness of the relevance of such lp- interactions in the context of 

biomolecular structures is increasing, they still lack comprehensive structural and energetic 

characterization in the context of RNA. To fill this gap, in this contribution, we present a 

systematic search of lp- ribose-base stacking interactions in 699 high-resolution non-

redundant RNA structures from a dedicated database (299), complemented by a state-of-the-

art characterization of the interaction energies.  

We found lp- ribose-base stacking interactions extremely widespread in functional RNAs, with 

the Z-like steps representing only a small fraction of all cases. We discuss lp- ribose-base 

stacking interactions in detail, with a focus on variants involving specific nucleobases; the 

distribution of the sequence distance between the ribose and nucleobase; and their strategic 

location in relevant and recurrent RNA structural motifs, active sites, inter-domain and inter-

molecular contacts. We also characterize the geometry and energetics of lp- ribose-base 
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stacking interactions. Finally, we extend the analysis to RNA-protein interactions and show that 

lp- stacking contacts are also common between the RNA ribose moiety and the side chain of 

aromatic amino acids. 

 

6.2 Selection of the dataset and subsequent structural analysis 

6.2.1 Dataset employed for Structural Analysis. A non-redundant 3D structure dataset for RNA, 

version 1.89 by Leontis and Zirbel (299) with a total of 699 structures with a resolution ≤ 3.0 Å 

were collected, and we refer to them as the nrRNA3.0 dataset. For some analyses, we also used 

a reduced dataset of 221 structures with a resolution ≤ 2.0 Å that we named the nrRNA2.0 

dataset. 

6.2.2 Identification of ribose-base lone pair–π contacts. Identification of lp–π ribose-base 

interactions was achieved by using the geometrical setup shown in Figure 6.1. The nucleobases 

of all the entries in the nrRNA3.0 dataset were oriented in a Cartesian frame as follows. The 

origin of the frame was placed at the geometric center of the heterocycle skeleton, the x-axis 

passing through the N3 atom for pyrimidines and through the middle point of the N1-C2 bond 

for purines (see Figure 6.1). The y-axis formed a 90° angle with the x-axis, with the C6 atom of 

purines and the C4 atom of pyrimidines lying in the xy-plane at positive y values. The z-axis 

vector was built as the cross product of the vectors along the x- and y-axes, thus forming a 

right-handed frame. Orienting the base in the reference frame facilitated definition of the 

position of the O4ʹ atom of a ribose with respect to the nucleobase using the three translational 
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parameters delta-x(shift), delta-y(slide), and delta-z(rise) shown in Figure 6.1.  

  

Figure 6.1 Definition of the reference Cartesian frame on the nucleobases and of the shift, slide 

and rise parameters used to define the position of the O4ʹ atom of ribose relative to the base. 

The origin is at the geometrical center of the heterocycle skeleton, the x-axis passing through 

the N3 atom for pyrimidines and through the middle point of the N1-C2 bond for purines; the y-

axis forms a 90° angle with the x-axis, with the C6 atom of purines and the C4 atom of 

pyrimidines lying in the xy-plane at positive y values; the z-axis is the cross product of the 

versors (unit vectors indicating the directions) along the x and y-axes, thus forming a right-

handed frame. The yellow circle defines a circle of radius 1.5 Å in the xy-plane of pyrimidines, 

while the yellow ellipse defines an ellipse in the xy-plane of purines, with minor and major axes 

equal to 1.5 and 2.5 Å. A ribose and a base are considered to be interacting if the projection of 

the O4ʹ atom of the ribose on the xy-plane is within the yellow circle for pyrimidines or the 

yellow ellipse for purines, with the rise parameter in the –4.0 to +4.0 Å range  

 

Ribose-base couples were defined as interacting based on two conditions. First, their rise fell in 
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the –4.0 to +4.0 Å range. Second, the projection of the ribose O4ʹ on the nucleobase plane is 

within the heterocycle ring. Specifically, for pyrimidines, it had to fall on a circle of radius 1.5 Å 

centered on the heterocycle; for purines, it had to fall on an ellipse with minor and major axes 

of 1.5 and 2.5 Å, again centered on the heterocycle, as shown in Figure 6.1. This procedure 

allowed us to identify a total of 2015 ribose-base contacts in 270 PDB structures involving all 

four nucleobases. Of course, choosing cutoff values in a structural search always has some 

arbitrariness. In the present case, the cutoff values that we chose for the slide and shift were 

selected to enforce that the projection of the O4ʹ atom of the ribose on the base plane is within 

the heterocycle ring. For the ‘rise’, we considered a cutoff of ±4.0 Å (Figure 6.2). Similar to the 

previous studies, we have plotted the distribution of distances of O4’ atom to the base plane 

(Figure 6.2). Incidentally, our approach is consistent with the cutoffs adopted in a recently 

published independent study on the O4ʹ-base interaction in Z-DNA like motifs (280).  

 

 

Figure 6.2 Distribution of “rise” values for  purines and pyrimidines.  

 

6.2.3 Clustering of the selected ribose-base geometries.  
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The clustering method adopted here is based on quantifying similarity between ribose-base 

structures on the basis of the root-mean-square displacement (rmsd) between the C4ʹ-O4ʹ-C1ʹ 

atoms of the ribose moiety, after superimposition of the nucleobases. Only the C4ʹ-O4ʹ-C1ʹ 

atoms of the ribose were used to define the rmsd, since these three atoms univocally define 

the position of the ribose ring relative to the nucleobase, avoiding any complication due to the 

conformational flexibility of the ribose ring. Of course, the ribose-base structures were initially 

separated into four subsets based on the specific nucleobase involved in the contact, then 

pairwise all-by-all superpositions were performed within each subset. The affinity propagation 

algorithm (300) was used to cluster structures based on the C4ʹ-O4ʹ-C1ʹ rmsd. The 

representative of each cluster (the “exemplar” within the affinity propagation algorithm 

terminology) represents the structure in the cluster having the lowest total distance from other 

cluster points.  

6.2.4 Quantum mechanics calculations.  

The ribose-base interaction energy in the representatives of each cluster from the clustering 

step was evaluated using quantum mechanics (QM) calculations. Recent studies corroborate 

that accurate computational techniques can provide important information about the stability 

and energetics of - interactions (19,272,288,301-305). In nucleic acid structures, quantum 

chemical calculations have been found indispensable to clarify the strength of H-bonding and 

stacking interactions between nucleobases observed in experimentally determined structures 

(18,19,35-41,45,116-118,185,187,242,269,272,303-306).  
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Following a protocol common in the literature (40,117,242,269,307,308), the geometries of the 

interacting ribose-base were extracted from the PDB file, and the base was truncated at the C1ʹ 

atom while the ribose was truncated at the 5ʹ and 3ʹ phosphorus atoms. The truncated bonds 

were capped with a hydrogen atom, as shown in Figure 6.1. A density functional theory (DFT) 

approach based on the hybrid PBE0 functional with the triple-ζ TZVP (309,310) basis set, as 

implemented in the Gaussian 09 package, was used to optimize the position of the hydrogen 

atoms only. The dihedral angles leading to the 5ʹH and 3ʹH hydrogen atoms were frozen in 

order to avoid the formation of unnatural/spurious H-bonding contacts with the nucleobase 

(273). 

The ribose-base interaction energy was then evaluated at the coupled cluster level of theory, 

with iterative inclusion of single and double excitations and perturbative inclusion of triple 

excitations (CCSD(T)), which is considered the gold standard in electronic structure calculations 

(311), including stacking interactions in nucleic acids (306,312). The domain-based local pair-

natural orbital (DLPNO) (313-315) approximation, as implemented in the ORCA package (316), 

was used to accelerate calculations. The correlation consistent Dunning cc-pVTZ basis set was 

used in these calculations (30). The tight PNO settings (TCutPairs = 10-4, TCutPNO = 3.3x10-7, 

TCutMKN = 10-3) were used to reduce any numerical noise in the calculations. The default SCF 

convergence criterion NormalSCF (Energy change 1x10-6 au) was replaced with the tighter 

TightSCF (Energy change 1x10-8 au) to achieve better converging wave functions. All the 

interaction energies are corrected for basis set superposition error with the counterpoise 

method of Boys and Bernardi (34). Electrostatic potentials were mapped on electron density 
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isosurfaces corresponding to a value of 0.0004 atomic units, and are scaled between -30 and 

+30 kcal/mol. 

In this work, we calculated the interaction energy of the ribose-base pairs, Eint, as in Eq. 1: 

Eint = [ERB –(ER + EB)] +BSSE; (1) 

where ERB is the electronic energy of the ribose-base complex and ER and EB are the electronic 

energies of the isolated ribose and base fragments forming the complex. The geometry of the 

separated base and ribose was not optimized, which means the isolated base and ribose have 

exactly the same geometry that they have in the complex. It should be noted that the 

calculated interaction energies cannot directly be compared to the experimental free energies 

of RNA folding or stem formation, as they do not include several corrections, such as 

approximating the solvent with a continuum model and entropy (273). For this reason, we 

aligned the calculated interaction energies with the H-bond interaction energy in a water 

dimer, and the average stacking energy of a series of stacked nucleobase pairs was extracted 

from RNA duplexes whose structure was resolved with a resolution ≤ 3.0 Å.  

To decompose the interaction energy between ribose and nucleobases into contributions due 

to genuine lp-pi interaction and to dispersion (also known as Van der Waals) interaction (317), 

test calculations were performed on models corresponding to ideal T-shaped geometries of 

ribose stacked on top uracil, adenine, and for the sake of comparison of benzene and 

hexafluorobenzene. The BSSE corrected interaction energy for these systems was calculated at 

the second order Møller-Plesset level of theory, MP2 (26), with the PBE0 functional, and further 
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by addition of Grimme’s empirical dispersion term (32), arriving to PBE0-D3 energies. The cc-

pVTZ basis set was used, and the empirical correction term was calculated using Becke-Johnson 

damping.  

6.3 Results  

6.3.1 Statistical and structural analysis of lone pair–π ribose-base stacking interactions 

The nucleobases of all the 699 structures in the nrRNA3.0 dataset (see Methods) were 

examined to identify lp–π ribose-base interactions using the geometrical setup shown in Figure 

6.1. Interacting ribose-base pairs were defined as those pairs for which the rise of the O4ʹ atom 

of ribose is in the –4 to +4 Å range, and its projection on the base plane is in the circle of radius 

1.5 Å for pyrimidines and in an ellipse for purines, with major and minor axes of 2.5 and 1.5 Å 

(see Methods). This procedure allowed us to identify a total of 2015 ribose-base stacking 

contacts in 270 PDB structures involving all four nucleobases (1124, 426, 260, and 205 instances 

for interacting adenine, guanine, cytosine, and uracil, respectively). No preference was 

observed instead for the identity of the base covalently bonded to the stacked riboses. 

The 270 structures of the nrRNA3.0 dataset featuring lp–π ribose-base interactions include a 

wide variety of RNA molecules, such as various tRNAs (38 instances), ribozymes and 

riboswitches (16 and 33 instances) and ribosomes from 5 different species, which highlights this 

interaction as being ubiquitous in RNAs with completely different functions. The average RNA 

length in these structures is 121 residues if ribosomes are included and 48 residues if ribosomes 

are excluded. As we will show below, such interactions are located outside the regular helical 

regions, being part of more complex structural motifs. An example of a lp-Π ribose-nucleobase 
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stacking interaction in recurrent and well-known RNA structural motifs is given for each 

nucleobase in Figure 6.3A. The shown motifs are the GNRA like pentaloop, the UNCG tetraloop, 

the hexaloop and the E-like loop (318). Further, examples of ribose-base stacking interactions 

have also been observed in A-minor motifs (see below) and in the UNCG like tetraloop; see 

Figure 6.4. Of these structural motifs, the UNCG tetraloop has already been discussed by 

Auffinger and coworkers in the context of Z-like steps (280). On the other hand, the 429 

structures of the nrRNA3.0 dataset that lack lp–π interacting ribose-bases typically represent 

synthetic fragments folded in single or double helical strands, with an average length as low as 

13 nucleotides. 
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Figure 6.3 A) Examples of ribose-base stacking contacts involving different nucleobases in 

different structural motifs. B-D) Percentage of nucleobases involved in ribose-base stacking 

interactions in different RNA molecules: B) nrRNA3.0 (non-redundant RNA structure dataset 

with a resolution <= 3.0Ǻ); C) as in B) but not including ribosomal structures; D) subset of 

nrRNA3.0 with a resolution <= 2.0 Å.  

 

Statistical analysis shows that purines are more frequently involved than pyrimidines in ribose-

base interactions (77% vs. 23%), see Figure 6.3B. This is especially due to the prevalent 

involvement of A in the interaction, representing 56% of the cases, followed by G in 21% of the 

cases, while C and U are present in 13% and 10% of the cases, respectively. The over-

representation of the ribose-adenine interaction persists if we exclude the ribosomal structures 

from the dataset, as in Figure 6.3C, or if a more stringent resolution cutoff of 2.0 Å is used to 

build the non-redundant dataset, as in Figure 6.3D.  

The prevalence of adenines in ribose-base interactions prompted us to investigate the 

structural context in which ribose-adenine interactions occur, and we found a preponderance 

of these interactions in the A-minor motif. By restricting this analysis to the structures of the 

dataset with a resolution ≤ 2.0 Å (nrRNA2.0), we could verify that approximately half of the 

ribose-adenine stacking contacts (40 out of 87) are part of an A-minor motif. The A-minor motif 

is a ubiquitous RNA structural motif that involves the insertion of an adenine into the minor 

groove of the RNA duplex, and it is known to be relevant in the stabilization of the tertiary 

structure of RNA molecules (319). Structural analysis of the lp–π ribose-adenine contacts in H. 
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marismortui 23S rRNA (PDB ID: 1S72) revealed that 42% of the contacts (46 out of 109) are part 

of A-minor motif interactions. In addition, we found ribose-adenine contacts in A-minor motifs 

in other RNA molecules, including different metabolite-sensing riboswitches, ribozymes, and 

small RNA molecules. Representative examples are given in Figure 6.4. Specifically, Figure 6.4A 

shows the interaction between the ribose of U42 with A63 in the FMN riboswitch (PDB ID: 

3F2Q), with A63 H-bonded via the sugar edge to the G41:C82 base pair. More complex contacts 

can also be formed, as shown in Figure 6.4B, reporting A54 of the tRNAzyme (PDB ID: 3CUN) 

sandwiched between the ribose O4ʹ atoms of the C22 and U52 nucleotides. Furthermore, we 

found ribose-adenine contacts also in A-patches (320), which correspond to the stacking of 

adenines involved in different A-minor motifs; an example of this arrangement is shown in 

Figure 6.4C for the glmS ribozyme molecule (PDB ID: 2NZ4). Finally, in Figure 6.4D, the 

interaction between the ribose of U22 with A23 of the mc6 RNA riboswitch (PDB ID: 3LA5) is 

shown, with A23 H-bonded via the Watson-Crick edge to the G53:C46 base pair.  
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Figure 6.4 Examples of A-minor motifs, including a ribose-adenine stacking interaction in 

different RNA molecules. A) FMN riboswitch (PDB ID: 3F2Q); B) tRNAzyme (PDB ID: 3CUN), with 

an adenine stacked between two riboses; C) glmS Ribozyme (PDB ID: 2NZ4), featuring an A-

patch interaction motif (319). D) mc6 RNA riboswitch (PDB ID: 3LA5), with an adenine giving a 

tertiary interaction with the G53:C46 base pair.    

 

Next, we investigated the sequence distance in the 5ʹ→3ʹ direction of the RNA chain between 

the ribose (residue number n) and the nucleobase (residue number n+i) involved in the lp–π 

interaction. The results of this analysis, reported in Figure 6.5, show that a relevant fraction of 

the interactions (between 17% for G and 51% for U) are long range; i.e., they involve a ribose 
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and a base that are at least four residues apart in the corresponding RNA sequence (i ≤ -4 or ≥ 

4). In the case of A, these long-range interactions mainly correspond to adenines in the A-minor 

motifs discussed above. For U and C, a fraction (9%) of these long-range interactions involves 

the ribose of nucleotide 59 with the variable base (C/U/m5C) of nucleotide 48, which is in turn 

involved in H-bonding with nucleotide 15 in the 100% conserved 15-48-59 tRNA tertiary 

interaction (40,41,45), see Figure 6.7. Another significant fraction of the interactions (from 10% 

for C to 25% for G) involves ribose and base moieties that are two residues apart (n+2 or n-2). 

An example of an n-2 interaction is shown in Figure 6.3D for the hexaloop structural motif.  

 

Figure 6.5 Sequence distance between the ribose(n) and the nucleobase(n±i) moieties involved 

in stacking interactions, reported for each of the four bases. The residue numbering is in the 
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5ʹ→3ʹ direction of the RNA chain. LR refers to the long-range contacts, with a sequence spacing 

of at least 4 residues (i ≥4 or i ≤4).  

Interactions involving a ribose and a base on contiguous residues (n-1 or n+1) represent fewer 

than half of the total cases (average 46%, from 32% for U to 57% for G). The n+1 ribose-base 

interactions include occurrences located in well-known structural motifs, such as the UNCG like  

pentaloop and the UNCG tetraloop motifs, as shown in Figure 6.3. As already mentioned, a 

recent work described the n+1 O4ʹ-base interaction in the UNCG tetraloop as a Z-DNA like  

structural element (280,321). The n-1 interactions also include well-known structural motifs, 

such as the E-like loop motif shown in Figure 6.3A. 

 

Figure 6.6: Examples of ribose-base stacking contacts involving adenine in the UNCG like 

tetraloop motif. 
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We conclude this structural analysis remarking that, in some of the detected ribose-base 

contacts, a Mg2+ ion was bound to the N7 atom of an adenine or a guanine, or a modified base 

is involved in the interaction, as the modified, 5-methyl-cytosine (m5C) base already mentioned 

in the context of tRNA (Figure 6.7). Finally, two riboses can interact with opposite sides of the 

same base; examples of this kind of interaction are shown in Figure 6.8. 

  

Figure 6.7:  Conservation of ribose-base stacking interaction at position 48-59 of tRNA 

structures. I) Cartoon representation of the tRNA structure with base-48 and ribose-59 shown 

as spheres; II) number of occurrences of base-48 ribose-59 stacking interactions. m5C stands 

for 5-methylcytosine. The structure of the riboses is shown after best superimposition of the 

base. 
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Figure 6.8 Examples of (A,B) Mg2+ ions coordinated to a purine base and (C) of 

posttranscriptional modification of a cytosine  involved in ribose-base stacking contacts. (D,E,F) 

ribose-base-ribose sandwich type structural motifs. Residue numbers and PDB IDs are reported 

for all the systems. Interaction energies between the nucleobase and both the riboses are also 

reported for these systems. 

 

6.3.2 23S rRNA, a case-study 
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In the 3D structure of 23S rRNA from H. marismortui (PDB ID 1S72), we detected a total of 179 

ribose-base stacking interactions widespread all over the molecule (Figure 6.9A). Of these 179 

interactions, 109 (61%) involve adenine as a base (Figure 6.9B). Focusing on the structural 

context of the bases participating in the stacking interactions, we found that they are 

consistently located in regions other than a regular double helix (stems). They are indeed 

observed in hairpin and internal loops, helix ends, bulges and junctions (Figure 6.9B), consistent 

with the knowledge that structural motifs other than - stacking interactions between 

nucleobases have an important role outside of A-RNA/B-DNA double helix structures (278,320). 

Remarkably, interactions involving a base from a hairpin loop usually involve a ribose distant in 

sequence. In total, 46% (83 out of 179) of the ribose-base interactions in H. marismortui 23S 

rRNA are long-range interactions, with many of them having the ribose and the base hundreds 

of residues away in sequence. As an example, 25 interactions involve riboses and nucleobases 

more than 700 residues apart. These interactions are established between different domains of 

rRNA, possibly contributing to maintaining its overall 3D fold and functionality. Of these very 

long-range inter-domain interactions, eight involve the domain V, which is mainly responsible 

for 23S peptidyl transferase activity. Details are given in Figure 6.9C for domain 0, the domain 

at the core of the 23S structure, to which the other six domains are rooted (322). This is a 

relatively small domain, with its ≅160 nt; however, it features a total of 12 ribose-base stacking 

contacts, 5 of them established with other domains. A schematic representation of all these 

interactions is given in Figure 6.9, together with a 3D representation of a structure detail, i.e., a 

double intra-domain head-to-tail stacking contact combined with an inter-domain one (from 

domain V). 
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Figure 6.9 Ribose-base stacking contacts in 23S rRNA from H. marismortui. A) 3D representation 

(PDB ID: 1S72), with blue, red, green and purple spheres representing adenine, guanine, uracil, 

cytosine bases involved in ribose-base interactions, respectively. B) Fraction of different 

nucleobases involved in the interactions (top) and number of occurrences of bases involved in 

the interactions in different structural motifs (bottom). C) Ribose-base stacking contacts of 

Domain0. 2D images are adapted from http://apollo.chemistry.gatech.edu/RibosomeGallery/, 
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the arrows are directed from the riboses to the nucleobases. A 3D representation of the 

interactions involving nucleotides A631, A2096 and U2539 (on domain V) is also provided. 

6.3.3 Clustering and energy calculations  

The 2015 O4ʹ-base contacts identified were first grouped by base identity and then clustered to 

obtain groups of geometrically similar interactions. This resulted in a total of 165 clusters, 84 

involving an A, 30 involving G, 28 involving C and 23 involving U as the base. For each cluster, 

the medoid (i.e., the structure that is "least dissimilar" from all of the others) was selected as a 

representative structure, and the interaction energy between the ribose and the base was 

calculated by the “gold standard” CCSD(T) quantum mechanics method within the DLPNO 

approximation (312) (see Methods for computational details, and see SI for details about the 

selected PDB IDs and residue numbers). The orientation of the ribose relative to the base is 

shown in Figure 6.10A for all the representative structures. Analysis of Figure 6.10A indicates 

that in all the structures, the O4ʹ atom points towards the base, with the ribose ring protruding 

away, as indicated by the average angle formed by the bisector of the C1ʹ-O4ʹ-C4ʹ angle with 

the base plane, 65.2°±17.6°. This result shows that the ribose and the base predominantly 

assume a T-shaped geometry. Furthermore, projection of the O4ʹ atom on the base plane 

indicates no clear orientation preference for the O4ʹ atom over the purine rings, while in the 

case of pyrimidines, there is a small tendency of the O4ʹ atom to be on top of the C2 atom 

(Figure 6.10B).  

The DLPNO-CCSD(T) ribose-base interaction energies are near -3 kcal/mol (-2.8±1.0, -3.2±0.9, -

3.6±1.5 and -2.7±1.6 kcal/mol for A, U, G and C, respectively) (Figure 6.10C). In some cases, 
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interaction energies stronger than -5 kcal/mol were calculated due to the presence of an H-

bond between a hydroxyl group of the ribose and a donor/acceptor on the nucleobase (see the 

SI). To compare this interaction energy with that of “classical” base-base stacking, we calculated 

the interaction energy for the 10 possible combinations of stacked nucleobase pairs. To obtain 

geometries representative of typical RNA structures, we extracted the geometries of stacked 

bases from a regular double helix. These calculations resulted in an average interaction energy 

between these stacked bases of -4.7±3.38 kcal/mol (in a range from -0.5 for GG to -12.05 

kcal/mol for GC), which is only -2 kcal/mol stronger than the average ribose-base interaction. 

This indicates that the O4ʹ-base interaction can contribute a stabilizing energy contribution 

comparable to the stacking of nucleobases. To verify that the interaction energy calculated for 

the representative structure indeed represents the interaction energy of the cluster, we 

calculated the interaction energy for all 22 structures of a ribose-cytosine stacked-pair cluster. 

As we show in Figure 6.11, all the structures within the cluster have similar interaction energies, 

with a standard deviation of ±0.4 kcal/mol. Finally, we remark that solvent effects reduce the 

strength of the interaction compared to in vacuum calculations. For example, the interaction 

energy between the classic AU and GC Watson-Crick pairs is reduced from -15.0 and -28.0 

kcal/mol in vacuum to -7.9 and-12.5 kcal/mol when solvent effects are included with a 

continuum solvation model (269). For this reason, the calculated ribose-base stacking 

interaction energies we reported should be considered as an upper bound limit. 
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Figure 6.10 A) Stick representations of the ribose orientation relative to the base in the 165 

structures representative of different interaction clusters, organized by nucleobase identity. 

The ribose O4ʹ atoms are shown as small spheres. B) The projection of the O4ʹ atom of riboses 

on the base plane is shown as a red dot; C) Distribution of the interaction energies calculated 

for all 165 cluster representatives (kcal/mol). 
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Figure 6.11 Interaction energies within a single cluster with 22 members (cluster 0 for the 

nucleobase C, see below) . The average energy is -3.23 kcal/mol  and the standard deviation 

0.35 kcal/mol.  

As expected, the presence of a Mg2+ ion coordinated to the N7 atom of purines stabilizes the 

contact; the calculated interaction energies are -9.8 and -11.8 kcal/mol for the (Mg2+-G)-ribose 

and (Mg2+-A)-ribose structures, whereas the values are -3.1 and -4.2 kcal/mol if the Mg2+ ion is 

omitted in the calculations. A similar stabilization, mediated by metal binding to the N7/O6 

atoms of a guanine base in the CpG steps, has been previously described for the Z-DNA 

structure by Egli and Sarkhel (307). However, we remark that it has been recently shown that 

the occurrences of Mg2+ ions bound to N7 atoms may be related to misinterpreted solvent 

electronic densities in the X-ray structures (323). Furthermore, methylation of cytosine to 5-

methylcytosine stabilizes the ribose-base contact slightly, with the interaction energy increasing 

in magnitude from -3.0 kcal/mol for ribose-C to -3.8 kcal/mol for the ribose-m5C contact. 

Finally, we also calculated the interaction energy when the base is engaged in a lp- interaction 
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with two riboses on opposite sides of base plane to check for potential cooperative effects 

between the two riboses that would reinforce the interaction. In the case of the cytosine 

complex, the overall interaction energy of C with both riboses is -5.6 kcal/mol, while the 

interaction energy of the base with the single riboses (calculated in the absence of the other 

ribose) is -2.4 and -2.8 kcal/mol. This result indicates a negligible cooperative effect of -0.4 

kcal/mol (calculated as -0.4 = -5.6 +2.4 +2.8 kcal/mol). 

To clarify the physico-chemical nature of the ribose-nucleobase interaction we refer to the 

conceptual framework outlined by Hobza and Ran to clarify the nature of the bonding in lp-

electron complexes of water and dimethylether with benzene and 1,2,4,5-tetracyanobenzene 

(317). They clearly showed that:  (i) the T-shaped water/benzene complex is repulsive because 

of repulsive electrostatic interaction between the lp of water and the negative electrostatic 

potential on top of the benzene ring. (ii) Decreasing the negative charge at oxygen and 

increasing the polarizability of the system (e.g. moving from water to dimethylether) provides 

stabilization even for genuine lp-Π interactions. Nevertheless, the substantial part of the 

stabilization stems from dispersion (or Van der Waals) energy. (iii) Substituting an aromatic ring 

by electron-withdrawing groups (e.g. moving from benzene to an aromatic ring with electron 

withdrawing groups, such as 1,2,4,5-tetracyanobenzene or hexafluorobenzene, provides a 

substantial stabilization of genuine lp-pi interactions. In these cases electrostatic interaction 

contributes significantly to the stabilization energy, with dispersion energy contributing less 

relevantly.  
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With this background in mind we performed a series of test calculations using model 

geometries with the ribose pointing towards the baricenter of the whole heterocycle of a 

purine (A) (Figure 6.12a) and towards the center of the 6 membered ring of a purine (A), a 

pyrimidine (U), benzene, and hexafluorobenzene (Figures 6.12b-e). In all the cases the bisector 

of the C1’-O4’-C4’ angle is perpendicular to the aromatic ring, and the O4’ atom is at a distance 

of 3.5 Å from the plane of the aromatic ring. 

 

Figure 6.12 Geometries and energies of model of ideal T-shaped geometries corresponding to 

ribose stacked on top of the baricenter of adenine (a) on top of the center of the 6 membered 

aromatic ring of adenine (b), uracil (c), benzene (d), hexafluorobenzene (e). Part (f) electrostatic 

potential of nucleobases and of bezene and hexafluorobenzene. Electrostatic potentials were 

mapped on electron density isosurfaces corresponding to a value of 0.0004 atomic units, and 
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are scaled between -30 and 30 kcal/mol. Interaction energies, in kcal/mol, were calculated at 

the MP2 level and at the DFT level using the PBE0 functional, and at the PBE0-D3 level, which 

means adding an empirical dispersion energy term to the PBE0 energy. 

The energies reported in Figure 6.12 indicate that at the MP2 level there is substantial 

stabilization (i.e. lower than -2.5 kcal/mol) for all complexes, except for ribose-benzene, with a 

stabilization energy of only -0.6 kcal/mol. These results are remarkably different when the 

simple PBE0 functional is used, with repulsive interaction between the ribose and C6H6, and 

clearly weaker interaction (i.e. higher than -2.5 kcal/mol) in all the other cases. Considering that 

functionals such at the PBE0 functional are not capable to account for dispersion interaction, 

the PBE0 interaction energies can be considered a good estimate of the electrostatic interaction 

energy between the ribose and the aromatic ring. In line with previous discussion on the 

electrostatic potential of the different systems (317), electrostatic interaction between the 

ribose and benzene is repulsive, due to the negative electrostatic potential around the O4’ 

atom and at the center of the benzene ring, see Figure 6.12f, it is weakly attractive between the 

ribose and the nucleobases, due to the slightly positive electrostatic potential above the 

heterocycle skeleton of nucleobases, see Figure 6.12f, and it is clearly attractive between the 

ribose and hexafluorobenzene, due to the clearly positive electrostatic potential at the center 

of the hexafluorobenzene ring. Adding a dispersion term to the PBE0 functional, which is 

considering the PBE0-D3, results in a remarkable agreement between the MP2 and the PBE0-D3 

values, highlighting the stabilizing contribution of dispersion in all cases.   
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a) 

 
 

b) 

  

c) 

  

d) 
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e) 

  

Figure 6.13 NCI analysis of the electron density from MP2/TZVP calculations on the 5 models 

systems. All the analysis is done on a tetragonal box centered at the middle point between the 

O4’ atom of ribose and the projection of the O4’ atom on the aromatic ring plane.  

 

Analysis of the plots in the left column of Figure 6.12 indicates that all the interactions are 

characterized by a weakly attractive interaction corresponding to the low reduced density 

gradient peak (s < 0.5 a.u.) at negative values (ca. -0.002 a.u. on the x axis), and a weakly 

repulsive interaction corresponding to the low reduced density gradient peak (s < 0.5 a.u.) (ca. 

+0.002 a.u. on the x axis). To shed light of the nature of the interaction the gradient isosurfaces 

of the reduced density gradient (s = 0.5 a.u.) are shown on the right column. Within this scale 

blue indicates weak attractive interactions, and red indicates weak repulsive interaction. The 

isosurafce of Figure 6.12, corresponding to the ribose pointing towards the barycenter of 

adenine, only has a blue patch corresponding to a weakly attractive interaction. All the 

isosurafces shown in the right column of Figure 6.13 have the same pattern consisting of a 

small red patch corresponding to a weakly repulsive interaction surrounded by a large blue 
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crown corresponding to the dominant attractive interaction evidenced by the negative MP2 

interaction energies. 

6.3.4 Stacking interactions between ribose and aromatic amino acids 

The identification of numerous ribose-base interactions in RNA prompted us to investigate 

whether analogous interactions can be observed between ribose and the aromatic amino acids 

in RNA-protein complexes. To this end, we searched the 464 structures in the nrRNA3.0 dataset 

including proteins for occurrences of lp- stacking interactions between riboses of RNA and 

tyrosine, phenylalanine, histidine or tryptophan residues. As a result, we found a total of 86 

occurrences of stacking interactions in 36 structures, 43 of them involving a tyrosine, 7 

involving a phenylalanine, 28 involving a histidine, and 8 involving a tryptophan (see Figure 

6.14).  
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Figure 6.14 Stick representation of the ribose orientation relative to the side chains of the four 

aromatic amino acids in the lp-pi ribose-amino acid stacking interactions. 

 

Of the total of 86 occurrences, 26 (30%) are established in the ribosome between RNAs and 13 

proteins (4 from the small and 9 from the large subunit). The remaining lp-pi ribose-amino acid 

interactions are found in complexes of RNA molecules with a variety of proteins, including viral 

RNA polymerases, ribonuclease III, poly(A)-binding protein, aminoacyl-tRNA-synthetases, PIWI 

proteins, the Lin28 inhibitor of let-7 miRNA, the core protein (CASC3) of the exon junction 

complex, etc. An example of a lp- ribose-amino acid stacking interactions for each aromatic 

amino acid is shown in Figure 6.15. For each amino acid, the structure with the highest 

resolution was selected for energy calculations, resulting in interaction energies of -1.6, -1.5, -

2.8, and -3.7 kcal/mol for tyrosine, phenylalanine, histidine, and tryptophan, respectively. These 

values are quite similar to those obtained for the ribose-nucleobase interactions. Finally, when 

histidine was modeled in its protonated form, the interaction energy increased to -12.3 

kcal/mol, indicating that protonation can be an energy-modulating agent analogous to metal 

binding or post-transcriptional modification in nucleobases.  
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Figure 6.15 An example of lp- ribose-amino acid stacking interactions for each aromatic amino 

acid: A) ribose-Tyr stacking contact in a ternary complex between the human translation factors 

polyadenylate-binding protein-1 (PABP) and eIF4G and a poly(A)(11) RNA (PDB ID: 4F02); B) 

ribose-His stacking contact in a complex between A. aeolicus dimeric ribonuclease III (RNase III) 

and a product double-stranded RNA (dsRNA) (PDB ID: 2EZ6); C) ribose-Phe stacking contact in 

the complex between rhinovirus RNA-dependent RNA polymerase (3D(pol)) and synthetic RNA 

(PDB ID: 4K50); D) ribose-Trp stacking contact in a complex between mouse dimeric Lin28 and 

the microRNA (miRNA) let-7 (PDB ID: 3TS0).    
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6.4 Discussion and Conclusions 

We have found that ribose-base stacking interactions are widespread in RNA molecules and 

that only a minor subset of them corresponds to the n+1 ribose-base Z-DNA motif already 

identified in RNA molecules (280). Remarkably, we have found occurrences of ribose-base 

stacking interactions in essentially all the RNA molecules that need to adopt a complex 3D 

structure to be functional. We have also shown that they are preferentially located in structural 

regions other than regular helices and usually involve ribose and base moieties that are not 

contiguous (even separated by 3 or more residues in a significant fraction of cases). Therefore, 

our analysis clearly emphasizes that the lp- ribose-base interaction is a structural element that 

is much more common in RNA molecules than has been considered to date. In addition, we 

have also shown that the energy of such interactions is not negligible, as it is in fact comparable 

to an H-bond between two water molecules calculated at the same level of theory, -4.3 

kcal/mol, and to the stacking between two bases in a regular double helix, -4.7±3.38 kcal/mol. 

The structural stabilization of such an interaction, as we have shown, relies on a contribution 

from genuine lp-Π interaction due to the slightly positive electrostatic potential exhibited by 

the nucleobases above the base plane and the negative electrostatic potential localized around 

the ribose O4ʹ atom, and a substantial contribution deriving from dispersion interaction 

between the whole ribose ring and the nucleobase.  

In light of these results, the question arises as to whether these widespread interactions may 

have a functional role. For the Z-DNA like motifs, they have been suggested to be involved as 

protein recognition sites in DNA (324-328), and, more recently, they have been proposed to 
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have implications for RNA/protein recognition and immune response (280). As for the other 

examples of ribose-base interactions we have characterized, it should be noted that several of 

these interactions are found at key locations in the RNA structures and involve bases that are 

highly conserved and suggested to be functional by experimental evidence. 

One example is the twister ribozyme, recently added to the list of the catalytic RNA family 

members, which features eight highly conserved nucleobases that stabilize the core of the 

ribozyme (329). In its 3D structure (PDB ID: 4OJI), we could find three ribose-base interactions, 

O4ʹ(A7)-A29, O4ʹ(C31)-A40 and O4ʹ(A8)-A28; the latter one involves the A28 nucleobase, whose 

mutation to G or U causes a significant decrease in the ribozyme activity (329). The above 

stacking interaction is consistently found in independent structures obtained for the same RNA 

molecule (PDB IDs: 4RGE, 5DUN (330,331)). Another example pertains to the flexizyme, a 45-

nucleotide ribozyme discovered through selection in vitro, which is capable of charging tRNA 

with various activated L-phenylalanine derivatives (PDB ID: 3CUN) (332). In this structure, we 

observed a sandwich-like O4ʹ(U52)-A54-O4ʹ(C22) stacking contact with the A54 nucleobase 

stacked between the ribose moieties of U52 and C22. Again, mutation of A54, the nucleobase 

involved in the stacking interaction, to U has been shown to decrease this ribozyme activity by 

95% (332).  

In addition to stabilizing RNA structures, the ribose-base stacking seems to be involved in 

molecular recognition. It was already reported that the ribose of G34, the first anticodon 

position in tRNA, stacks against the highly conserved G966 base of 16s rRNA (278), thus possibly 

playing a role in the tRNA recognition by ribosomes. Analogously, we could observe several 
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other instances of inter-molecular ribose-base stacking interactions. For instance, in the yeast 

ribosome, two ribose-base interactions were observed between the 5.8S rRNA from the large 

and 25S rRNA from the small ribosomal subunits (specifically between the riboses of C8/C137 

and A1399/U14, respectively, PDB ID: 3U5H). Other examples of inter-molecular ribose-base 

stacking interactions were detected between the T. tengcongensis glmS ribozyme and its RNA 

substrate (PDB ID: 2HO7 (333)) and between a herpesvirus RNA element and a poly(A) target 

(PDB ID: 3P22 (334)). The key locations discussed above complement the many instances of 

long-range intra-molecular interactions, joining different domains of the same molecules, as 

shown before for the 23s rRNA. 

As recently noted by Grosjean and Westhof in the context of decoding, along the course of 

evolution, RNA has set up “various strategies based, as in any complex molecular system, on 

the interplay between many weak interactions together with a few strong interactions” (335). 

We believe the stacking between riboses and nucleobases to be one of these relatively weak 

but significant interactions. In this study, we provide the first comprehensive structural 

overview of this hitherto mostly overlooked interaction, together with a reference system to 

estimate the energy contribution of similar contacts in newly characterized structures.  

Finally, the finding that lone pair- interactions are also common between riboses and aromatic 

amino acids suggests a functional role played by this kind of interaction in the process of 

recognition and complex stabilization between RNAs and RNA-binding proteins. 
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Chapter 7 

Structural Stability, Acidity and Halide Selectivity of the Fluoride Riboswitch 

Recognition Site 

 

7.1 Introduction 

Riboswitches are ligand dependent gene regulatory elements, found in 5’ UTRs (untranslated 

regions) of mRNA transcripts. They are composed of two distinct domains: a ‘ligand-binding’ or 

aptamer domain and an ‘expression platform’. Communication between the two domains take 

place through ligand binding-induced conformational changes, which control downstream gene 

expression by turning it on or off at the transcription and/or at the translation level, see Figure 

7.1. As the riboswitch molecules could deal crucial evidence to the “RNA world” hypothesis, 

their study is of outstanding interest. In particular, understanding their functional mechanisms 

constitutes an important area of research. 

To date, more than 30 different classes of riboswitches have been discovered and, interestingly, 

half of the known riboswitch receptors interact with a metabolite molecule that contains a 

purine moiety. Apart from crystal structure studies, experimental studies involving various 

biophysical and biochemical techniques are currently being carried out to understand the 

mechanism of discriminative ligand binding and the kinetics and thermodynamics of 

conformational changes affecting transcription and translation.  
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On the basis of the sequence and structure conservation within the aptamer domain, 

riboswitch molecules are grouped into different classes. Currently, as many as 30 riboswitch 

classes have been validated that contain receptors (RNA segments) that respond to specific 

metabolites.  Besides that, there are at least as many orphan riboswitches for which the natural 

ligands that binds to the aptamer domain remain unidentified to date.  

Among the known riboswitch classes, there are many which respond to enzymatic cofactors, 

like adenosyl-cobalamine(336), thiamine-pyrophosphate(337),flavin-mononucleotide, S-

adenosylhomocysteine,  S-adenosylmethionine(338-343)  and tetrahydrofolate molecules(344). 

Two riboswitches were also described that sense amino acids, viz. glycine and lysine(345-347). 

Besides that, there are several of these RNA segments that recognize purines, viz. Adenine and 

Guanine (348-351), or other nucleobase containing ligands like 2’-deoxyguanosine (2’-dG), 

prequeuosine i.e. Class I preQ1, and Class II PreQ1 molecules (352,353) or cyclic di-GMP (c-di-

GMP) (354,355). Finally, there exists the RNA molecules that sense also ions like Mg2+ and F− 

which can trigger riboswitch mediated gene regulation (356,357). 

The aptamer domains, which determine the riboswitch class, vary in length from about 30 

nucleotides for preQ1 riboswitch (358) to approximately 150 nucleotides (TPP riboswitch), and 

also in secondary structure complexity (337).  

The selectivity of similar metabolites for a riboswitch molecule is achieved through both shape 

complementarity and specific interactions in metabolite binding pocket. The latter are usually 

established through numerous hydrogen bonds between the aptamer and the ligand, but can 

also include electrostatic, van der Waals and stacking interactions. 
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Finally, aptamers can be structurally preorganized in the absence of the ligand, but, because 

riboswitch ligands are usually well buried within a binding pocket (359), ligand binding often 

induces structural rearrangement or stabilization of aptamer substructures (359). Frequently, 

cations aid in ligand recognition by shielding negative charges of the cognate molecule. 

Examples include the negatively charged pyrophosphate group of TPP, which is coordinated by 

two Mg2+ ions (360), or fluoride, which is only recognized by its riboswitch when it interacts 

with three Mg2+ ions (357). Other cations, like potassium, can also be required for metabolite 

binding as shown for the lysine riboswitch (345,347). 

 

 

 

 

Figure 7.1 a) Inhibition or b) activation of gene expression mediated by metabolite binding to 

riboswitches. 

Barring few exceptions(361), metabolites recognized by the aptamer domain of riboswitch 

molecules are either neutral or positively charged, thus not preventing or even favoring the 
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interaction of the metabolite with the negatively charged RNA backbone. Remarkably, a simple 

negatively charged fluoride anion has been recently added to the list of ligands targeted by 

riboswitches (362,363). 

Fluoride sensing riboswitches, characterized by a crcB structural motif and common to bacterial 

and archaeal species, have been shown to regulate the expression of genes that encode fluoride 

exporters(362). In addition to their capability to target the small fluoride anion with good 

efficiency, they remarkably reject other small anions, including chloride. A crystallographic 

structure has been recently solved for the fluoride-bound form of riboswitch from T. petrophila, 

whose affinity for fluoride (Kd of 135±9 μM under 5 mM Mg2+) and halide selectivity (no 

chloride binding observed in presence of KCl) has been experimentally proved (PDB ID: 

4ENC).(363)This structure evidenced that, in the middle of a pseudoknot scaffold, the fluoride is 

the central unit keeping together a small cluster of three Mg2+ cations, whose coordination 

sphere is completed by oxygen atoms of five inwardly pointing backbone phosphate groups 

(bridging or not two Mg2+ ions) from two distinct segments of the riboswitch sequence, and by 

water molecules, one of them bridging two of the Mg2+ ions. 

The high fluoride selectivity and the structure of the recognition site in the fluoride riboswitch 

raises a series of questions. Among them: i) Is the small Mg2+/F–/phosphate/water cluster at the 

center of the riboswitch a stable entity on its own ? ii) Considering that water molecules 

bridging metal cations are known to be quite acidic, which is the acidity of the water molecule 

bridging two Mg2+ cations in the F-cluster at the center of the fluoride riboswitch ? iii) Which is 

the origin of the halide selectivity? In this paper, we provide a clear answer to the above three 
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fundamental questions, based on static and dynamic density functional theory (DFT) 

calculations. Based on analogous theoretical methods we investigated the interaction of nucleic 

acid bases with metals(187) and we could recently decompose the binding of the preQ1 

metabolite by the L. rhamnosus class II preQ1 riboswitch.(40) 

 

7.2 Static and Dynamic Calculations of the Fluoride Sensing Riboswitch Domain 

Static calculations. As described in the Metheds section, All the static DFT calculations were 

performed with the Gaussian09 package. The B3LYP functional, with the addition of the D3 

empirical dispersion term proposed by Grimme, was used for all the calculations. The electronic 

configuration of the systems was described with the triple-ζ TZVP basis set. Solvent effects, 

water, were included with the continuum solvation model CPCM. Two different protocols were 

followed in the geometry optimizations. The first corresponding to standard gas-phase 

optimization, the second corresponding to in solvent optimizations, with water modeled with 

the CPCM model. The reported in solvent free energies were built through single point energy 

calculations on the B3LYP/TZVP optimized geometries using the M06 functional and the triple-ζ 

TZVP basis function on all the atoms and the more extended def2-TZVPD basis set, which 

include diffuse functions for oxygen, nitrogen and halides. In the following sections, we have 

also calculated the pKa of the bridging water molecule, the detailed procedure of its calculation 

is decribed below: 

 

pKa calculation 
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 Considering the generic deprotonation equilibrium shown in Eq. 1,  

AH + H2O -> A– + H3O+  + GS1 (1) 

with equilibrium constant Ka = [A–][H3O+]/[AH], the pKa of the reaction is defined by Eq. 2, 

pKa = GS1/2.303RT, (2) 

where R is the gas constant, and T is the temperature. This allows us to relate the calculated 

GS1 with the pKa. Within this protocol, the accuracy of the calculated pKa is determined by the 

accuracy in the calculated value of GS1, with an error of 1.36 kcal/mol in GS1 at 25 °C resulting 

in an error of 1 pKa unit. Considering the extreme computation accuracy required for 

straightforward application of Eq. 2, an alternative approach consists in calculating GS1 for a 

series of systems whose experimental pKa value is known with accuracy, and to use these 

systems as a dataset to fit an equation that allows estimating the pKa of a new system, whose 

pKa is unknown, from the calculated GS1. In this work we have adopted this approach. Since 

we are interested in the pKa of a water molecule bound to a metal, the most natural choice was 

to select a series of metal aqua-ions to build the dataset. Systems were chosen according to the 

following two requisites. The first is good computational behavior, since it is known that the 

calculation of the pKa of metal aqua-ions is often complicated by unexpected behavior of the 

systems during geometry optimization (for instance loss of a coordinated water molecule after 

de-protonation), reflecting the limitations of a static approach with a limited number of water 

molecules. Second, we selected metal aqua-ions with a total charge spanning from +1 to +3, to 

cover a broad range of situations. This resulted in having a dataset composed of the [Li(H2O)4]+, 
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[Mg(H2O)6]2+, [Ni(H2O)6]2+, [Zn(H2O)6]2+ [Cu(H2O)6]2+, [Sc(H2O)6]3+ , and [Fe(H2O)6]3+ metal aqua-

ions. For each of them we calculated GS1, according to Eq. 1. Focusing on the electronic 

configuration of the metal aquaions, a singlet state was considered for the Li+, Mg2+, Sc3+, and 

Zn2+ complexes, a duplet was used for Cu2+, a triplet was used for Ni2+, while a quintet was used 

for the Fe3+. 

To obtain ΔGS1 we included solvent effects (water) during the geometry optimization with a 

continuum polarizable solvation model. In this case, geometry optimization and subsequent 

vibrational analysis with inclusion of solvent effects directly leads to the GS1 of Eq. 1.  

Since some clusters used to model the riboswitch recognition site were subjected to geometry 

optimization with the restraint that the position of the C3’ and C5’ atoms is frozen to the 

crystallographic geometry, which prevents a meaningful vibrational analysis at the end, we first 

tested if the calculated potential energies ES1, corresponding to the electronic energy in 

solvent, well correlates with the total free energy GS1. The data shown in Figure shows that for 

the seven metal aqua-ions in the dataset the ES1 correlate extremely well, with the GS1, R2 = 

1.00, which allows to use ES1 in the rest of this work.  

Dynamics calculations. All the molecular dynamics DFT calculations were performed using the 

Born–Oppenheimer scheme as implemented in the CP2K Quickstep code. The electronic 

structure calculations were carried out using the Perdew–Burke–Ernzerhof exchange and 

correlation functional, with the addition of the D3 empirical dispersion term. The CP2K program 

employs a mixed basis set approach with Gaussian-type orbitals (GTO) and plane waves (PWs). 

GTO functions are used to expand the molecular orbitals and the charge density in real space, 
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whereas PWs are used for the representation of the charge density in reciprocal space. An 

energy cut-off of 300 Ry is used for the plane-waves basis set. The GTH-DZVP double-ζ basis set 

with a polarization function, in conjunction with the Goedecker–Teter–Hutter pseudopotentials, 

was used for all the atoms.  

The Gaussian09 optimized clusters were soaked in a 267 water molecules in a cubic box of 20 

Å3. Water molecules clashing with the cluster atoms were removed. The systems were first 

equilibrated at 300 K for 1 ps in the NVT ensemble, by fixing the heavy atoms of the cluster, 

followed by another 1 ps equilibration by relaxing also the position of the heavy atoms of the 

cluster. A production run was then carried out for 10 ps in the NVT ensemble. The equations of 

motion were integrated using a time step of 0.5 fs. Temperature was controlled using a 

canonical-sampling-through-velocity-rescaling thermostat. 

7.3 Results and Discussion. 

7.3.1 DFT Modeling of the F-riboswitch recognition site 

To address the structural stability of the Mg2+/F–/phosphate/water cluster at the center of the 

fluoride riboswitch, we performed a series of geometry optimizations, both in the gas-phase 

and in water, modeled with a continuum solvation model, of different clusters of increasing size. 

As in the crystallographic structure a water molecule is H-bonded to the Mg-bridging water, we 

considered different models incorporating (entries 5-8 in Table 7.1, labeled as W models) or not 

(entries 1-4 in Table 7.1) this additional water molecule. Further, considering that in the 

crystallographic structure a K+ ion from the K-acetate buffer is placed 4 Å away of the 

fluoride,(363) we increased the systems to include this K+ ion and the phosphate group bound 
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to it (entries 9-12 in Table 7.1, labeled as WK models). Finally, the largest system we considered 

includes the riboses connecting the phosphates coordinated to the Mg atoms (entry 13 in Table 

7.1, labeled as WKS model). To mimic the constraint of the crystallographic structure, in some of 

the models (labeled as ‘Frz’ in Table 7.1) the ribose C3’ and C5’ atoms were frozen. In all cases 

the models were truncated to have an overall neutral charge. The mean unsigned deviation 

(MUD) of key interatomic distances and of the displacement of the F atom out of the plane of 

the three Mg atoms (Fout) in the optimized models, from the X-ray values, are reported in Table 

7.1.  

The main conclusions deriving from these calculations can be summarized as follows: i) 

Geometry optimization in the gas-phase of the simple Mg2+/F–/phosphate/water cluster, in the 

absence of the water H-bonded to the Mg-bridging water, models 1-2 in Table 7.1, results in a 

clear deformation of the cluster, with the Mg-bridging water basically unable to keep together 

the two Mg cations effectively, as indicated by the rather large MUDO. Inclusion of the solvent 

with the continuum solvation model CPCM, models 3-4 in Table 7.1, results in a stable cluster, 

with an overall MUDa of 0.24-0.25 Å. ii) Addition to the model of the crystallographic water 

molecule H-bonded to the Mg-bridging water results in overall stable clusters, with MUDa in the 

0.18-0.23 Å range, models 5-8 in Table 7.1. iii) Inclusion in the model of the K+ cation together 

with the bound phosphate, models 8-12 in Table 7.1, does not improves significantly the 

agreement with the X-ray structure, indicating a minor impact of K+ in determining the cluster 

structure, consistently with the experimental evidence that the K+ ion does not interact with the 

fluoride and, iv) inclusion of the riboses connecting the phosphates bound to the Mg atoms has 

again minimal structural impact on the optimized geometry, model 13 in Table 7.1.  
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Figure 7.2 shows the optimized structure of models 7, 11 and 13, superimposed to the X-ray 

structure, highlighting the good overlap between the completely optimized models and the 

crystallographic structure, independently from the model size.  

Quantitatively, increasing the size of the model results in a slightly better agreement with the 

experimental structure, RMSD of 0.58, 0.68 and 0.44 Å for models 7, 11 and 13, respectively. 

The somewhat higher RMSD of model 11 is due to a movement of the dangling phosphate 

bound to the K+ ion. Removing it from the fitting the RMSD of model 11 is 0.57 Å, similar to that 

of model 7. This displacement of the dangling phosphate in model 11 is recovered when the 

riboses connecting the phosphates are included, as in model 13. As for the average 

displacement of the C3’ and C5’ atoms in the optimized structures from the crystallographic 

structure, it amounts to 0.73±0.56 Å, in model 7, and it is reduced to only 0.38±0.32 in model 

13. As for the displacement of the F atom out of the plane of the three Mg atoms, all models 

excellently reproduce the experimental value of 0.31 Å in the native crystallographic structure 

4ENC (deviations clearly lower than 0.1 Å), with the exception of the wrong model 1. Finally, in 

both models 11 and 13 the K+ ion is pushed roughly 1 Å away from the mean coordination plane 

of the fluoride. Overall, the above analysis indicates that even the simpler model 7, without the 

K+ atom and the riboses connecting the phosphates, is substantially able to replicate the 

crystallographic structure to a very good extent, with deviations from the experimental 

structure comparable to those of the more extended models 11 and 13. 

However, during the gas phase optimization of model 5, we observed the transfer of one proton 

from the Mg-bridging water molecule to the H-bonded water, see Figure 7.3, and the best 
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agreement with the crystallographic structure, with a MUDa of 0.18 Å. Intrigued by this finding, 

and having in mind that a water molecule coordinated to two metal ions can be quite acidic,23-28 

we decided to optimize the geometry of models 1-13, this time with a hydroxyl group bridging 

the Mg cations. In this case, the overall model is negatively charged. Deviation from the 

experimental structure is reported in Table 7.2. 

 

Table 7.1. Description of the Mg2+/F–/phosphate/water cluster models and mean unsigned 

deviation, MUD in Å, of the optimized model from the X-ray distances of Figure 7.2.  

 Sizea CRb Solv.c MUDa
d MUDF

e MUDO
f Fout

g 

1 - Rlx Gas 0.49 0.18 2.00 0.21 

2 - Frz Gas 0.28 0.19 0.35 0.03 

3 - Rlx Water 0.24 0.19 0.20 0.04 

4 - Frz Water 0.25 0.21 0.21 0.01 

5 W Rlx Gas 0.18 0.16 0.12 0.04 

6 W Frz Gas 0.21 0.17 0.17 0.04 

7 W Rlx Water 0.22 0.18 0.15 0.04 

8 W Frz Water 0.23 0.20 0.15 0.01 

9 WK Rlx Gas 0.20 0.18 0.12 0.03 

10 WK Frz Gas 0.23 0.20 0.16 0.02 

11 WK Rlx Water 0.23 0.20 0.16 0.05 
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12 WK Frz Water 0.22 0.20 0.12 0.01 

13 WKS Rlx Water 0.20 0.18 0.10 0.08 

a) Indicates if the crystallographic water molecule H-bonded to the Mg-bridging water is 

included in the model (W), if the K+ ion is also included (WK), and if the riboses connecting the 

phosphates are also included (WKS). b)Indicates if the position of the C3’ and C5’ atoms of the 

ribose was relaxed or frozen in the geometry optimization. c)Indicates if solvent effects were 

included in the geometry optimization. d)MUDa is the mean unsigned deviation of the Mg-F, Mg-

O (bridging water) and Mg-Mg distances from the crystallographic values. e,f)MUDF and MUDO is 

the mean unsigned deviation of the Mg-F and Mg-O (bridging water) distances from the 

crystallographic values. g)Fout is the deviation of the displacement of the F atom out of the plane 

of the three Mg atoms, from the crystallographic value. 
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Table 7.2. Description of the Mg2+/F–/phosphate/hydroxide cluster models and mean unsigned 

deviation, MUD in Å, of the optimized model from the X-ray distances of Figure 7.2. 

 Sizea CRb Solv.c MUDa
d MUDF

e MUDO
f Fout

g 

1 - Rlx Gas 0.18 0.18 0.08 0.01 

2 - Frz Gas 0.17 0.17 0.10 0.08 

3 - Rlx Water 0.18 0.18 0.06 0.05 

4 - Frz Water 0.19 0.19 0.08 0.03 

5 W Rlx Gas 0.18 0.18 0.11 0.01 

6 W Frz Gas 0.18 0.18 0.07 0.04 

7 W Rlx Water 0.18 0.18 0.05 0.03 

8 W Frz Water 0.18 0.19 0.06 0.02 

9 WK Rlx Gas 0.19 0.18 0.07 0.03 

10 WK Frz Gas 0.19 0.19 0.07 0.02 

11 WK Rlx Water 0.19 0.19 0.06 0.02 

12 WK Frz Water 0.20 0.21 0.07 0.02 

13 WKS Rlx Water 0.19 0.19 0.07 0.06 

a-g) See Table 7.1. 
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Figure 7.2.  Superimposition of the optimized structure of models 7, 11 and 13 of Table 7.1, stick 

and ball, with the crystallographic structure of the Mg2+/F–/phosphate/water cluster in 4ENC, 

green wireframe. Selected DFT and X-ray distances in Å, X-ray values in round parenthesis. 

 

The first result is that with a bridging hydroxide, all the optimization protocols resulted in a 

stable cluster. While it is not surprising that a hydroxyl group is able to keep together the cluster, 

the overall agreement with the crystallographic structure, with a MUDa 0.17-0.20 Å, is 
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comparable to that calculated in presence of a Mg-bridging water molecule, with a MUDa 0.18-

0.23 Å. 

 As for a comparison between the different models, inclusion of K+, models 9-12, as well as of 

the riboses connecting the phosphates, model 13, does not impact significantly the structure, as 

already found for the models with a Mg-bridging water molecule, compare entries 5-13  in 

Tables 7.1 and 7.2. Further, also in presence of a Mg-bridging hydroxyl group, the displacement 

of the fluoride from the Mg atoms plane reproduces excellently the experimental value. Overall, 

these results indicate that the crystallographic structure is also perfectly consistent with a Mg-

bridging hydroxide.  

7.3.2. DFT-MD simulations of the F-Riboswitch 

To test the cluster stability under dynamic conditions, we collected 10 ps long DFT molecular 

dynamics simulations, both considering water and hydroxide as Mg-bridging ligand, model 7 in 

Tables 7.1 and 7.2, as well as considering the analogous models in presence of K+, model 11 in 

Tables 7.1 and 7.2. In this case, the dangling phosphate bound to the K+ was removed from the 

model. In all cases the cluster was soaked in a simulation box with about 250 water molecules, 

see the Computational Details. Focusing on the cluster with a Mg-bridging water, the overall 

structure remains stable along the whole simulation, with the two Mg-water distances on the 

average 2.27±0.13 Å, see Figure 7.4a. Similar small fluctuations were observed for the Mg-F 

distances, with an average value of 2.14±0.12 Å, and for the displacement of the fluoride out of 

the Mg atoms plane, 0.28±0.09 Å. Inclusion of the K+ cation has minimal impact on the dynamic 

behavior of the system, with average values for the Mg-water and Mg-F distances of 2.22±0.10 
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and 2.12±0.11 Å. The only anomaly in the dynamics is the isolated peak in the Mg2-F distance 

around 4 ps, see Figure 7.6, while the Mg-O distances remains clearly stable along the whole 

trajectory, see again Figure 7.6. To check if this peak is indicative of dynamic instability, we 

elongated the MD trajectories both in the absence as well as in the presence of the K+ cation up 

to 20ps, see Figure 7.5, but no other sign of instability was observed. This indicates that the 

simple Mg2+/F–/phosphate/water cluster is a remarkably stable structure on its own that, once 

achieved, does not need higher-order stabilizing effects, like the whole RNA backbone structure, 

to be held in place. The corresponding plots for the cluster bearing a hydroxide Mg-bridging 

group, with average values for the Mg-OH and Mg-F distances of 2.06±0.08 and 2.11±0.10 Å in 

the absence of the K+ ion, and 2.02±0.07 and 2.10±0.10 Å in presence of the K+ ion, show similar 

stability. 
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Figure 7.3.  Optimized structure of models 5 Table 7.1, stick and ball, with the proton of the 

bridging water transferred to the neigbouring water molecule in the  Mg2+/F–/phosphate/water 

cluster. Selected DFT distances in Å. 
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Figure 7.4. Time evolution of the Mg-O and Mg-F distances during the molecular dynamics 

simulation of the Mg2+/F–/phosphate/hydroxide cluster. Blue and red lines refer to the Mg2-O 

and Mg3-O distances. Green, blue and red lines refer to the Mg1-F, Mg2-F and Mg3-F distances. 

Top two panels refer to the simulation without the K+ ion, bottom two panels to the simulation 

with the K+ ion. 
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Figure 7.5. Time evolution of the Mg-O and Mg-Cl distances during the molecular dynamics 

simulation of the Mg2+/Cl–/phosphate/water cluster. Blue and red lines refer to the Mg2-O and 

Mg3-O distances. Green, blue and red lines refer to the Mg1-Cl, Mg2-Cl and Mg3-Cl distances. 

Top two panels refer to the simulation without the K+ ion, bottom two panels to the simulation 

with the K+ ion. 
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Figure 7.6. Time evolution of the Mg-O and Mg-F distances during the DFT molecular dynamics 

simulation of the Mg2+/F–/phosphate/water cluster, part a, and of the same distances during the 

MD simulation of the same cluster in presence of a K+ ion, part b.  

 

7.3.3 DFT prediction of the Acidity of F-Riboswitch: 

At this point, we investigated the potential acidity of the Mg-bridging water molecule, as 

indicated in Eq. 3.  

 

                               [F-cluster(H2O)] + H2O  [F-cluster(OH)]– + H3O+  (3) 
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Since the absolute prediction of the pKa of an aquaion by DFT is prone to several sources of 

error, 42 we calibrated a protocol by fitting the DFT calculated pKa of a series of mono aquaions 

with charge +1 to +3 to the experimental pKa. We selected metal aqua-ions with a total charge 

spanning from +1 to +3, to cover a broad range of situations. This resulted in having a dataset 

composed of the [Li(H2O)4]+, [Mg(H2O)6]2+, [Ni(H2O)6]2+, [Zn(H2O)6]2+ [Cu(H2O)6]2+, [Sc(H2O)6]3+ , 

and [Fe(H2O)6]3+ metal aqua-ions. For each of them we calculated GS1, according to Eq. S1. 

Focusing on the electronic configuration of the metal aquaions, a singlet state was considered 

for the Li+, Mg2+, Sc3+, and Zn2+ complexes, a duplet was used for Cu2+, a triplet was used for 

Ni2+, while a quintet was used for the Fe3+. 

 

To obtain ΔGS1 we included solvent effects (water) during the geometry optimization with a 

continuum polarizable solvation model. In this case, geometry optimization and subsequent 

vibrational analysis with inclusion of solvent effects directly leads to the GS1 of Eq. 1.  

Since some clusters used to model the riboswitch recognition site were subjected to geometry 

optimization with the restraint that the position of the C3’ and C5’ atoms is frozen to the 

crystallographic geometry, which prevents a meaningful vibrational analysis at the end, we first 

tested if the calculated potential energies ES1, corresponding to the electronic energy in 

solvent, well correlates with the total free energy GS1. The data shows that for the seven metal 

aqua-ions in the dataset the ES1 correlate extremely well, with the GS1, R2 = 1.00, which 

allows to use ES1 in the rest of this work.  
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Figure 7.7 Correlation between ES1 and GS1 for the [Li(H2O)4]+, [Mg(H2O)6]2+, [Ni(H2O)6]2+, 

[Zn((H2O)6]2+, ([Cu(H2O)6]2+, [Sc(H2O)6]3+ and [Fe(H2O)6]3+ metal aqua-ions. Geometries 

optimization and vibrational analysis in water. 

 

Then, we correlated the experimental pKa of the metal aqua-ions in the dataset with the 

calculated ES1, see Figure 7.8. Excellent correlation between the experimental pKa and the 

calculated ES1 is obtained, R2 = 0.97, which indicates the robustness of the protocol. At this 

point, Eq. 4 can be used to predict the pKa of a water molecule coordinated to a metal atom. 
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Figure 7.8. Correlation between ES1 and the experimental pKa for the [Li(H2O)4]+, [Mg(H2O)6]2+, 

[Cu(H2O)6]2+, [Ni(H2O)6]2+, [Zn(H2O)6]2+, [Sc(H2O)6]3+ and [Fe(H2O)6]3+ aquaions. Part a, gas-phase 

optimized geometries. Part b, in water optimized geometries. 

                                             pKa = 0.1955ES1 + 1.9373                                   (4) 

The above correlation line was employed to predict the pKa of the water molecule bridging the 

Magnesium ions in the fluoride riboswitch recognition site. Nevertheless, since the 

deprotonated water molecule is bound to a single metal center, in metal-aquaions, while the 

deprotonated water molecule in the fluoride riboswitch is bound to two different metal 

centers, we test the accuracy of the developed protocol reproduce the experimental pKa of the 

bridging water in the dinuclear Nickel complex [Ni2(H2O)4bdptz]4+, used as a model of the 

dinuclear Nickel cluster in urease, that after deprotonation leads to the hydroxyl bridged 

complex [Ni2(OH)(H2O)3bdptz]3+, see Figure 7.9a and 7.9b. Since models 5-13 of Tables 7.1 and 

7.2 in the manuscript present a crystallographic water molecule H-bonded to the water 
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molecule bridging the two Magnesium atoms in the recognition site of the fluoride riboswitch, 

we also optimized two models of the [Ni2(H2O)4bdptz]4+ and [Ni2(OH)(H2O)3bdptz]3+ cluster, by 

adding an external water molecule H-bonded to the bridging water molecule that will be 

deprotonated, see Figure 7.9c and 7.9d. In all cases, the dinuclear Nickel complexes were 

treated as singlet biradical, within a broken symmetry approach. 

 

 

Figure 7.9. Optimized structure of the dinuclear Nickel complexes [Ni2(H2O)4bdptz]4+ and 

[Ni2(OH)(H2O)3bdptz]3+, parts a and b. Optimized geometry of the same models, with an 

external water molecule H-bonded to the water molecule that will be deprotonated, parts c 

and d. Selected distances in Å, experimental values in round parenthesis. 
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The optimized geometry of the dinuclear complexes are in good agreement with the X-ray 

geometry, with an elongation of the distance between the Ni centers and the bridging water of 

about 0.2 Å, similar to that we found in the optimized geometry of the cluster used to model 

the fluoride ribsowitch recognition site. Using Eq. 4, the predicted pKa of complexes 

[Ni2(H2O)4bdptz]4+ in the absence of any external water molecule is 5.66, which is in very good 

agreement with the experimental value of 4.38, since it overestimates it by 1.28 pKa units only. 

Inclusion of an external water molecule H-bonded to the Ni-bridging water molecule that will 

be deprotonated, corresponding to the structures of Figure 7.9c and 7.9d, results in a pKa of 

6.28, which overestimates the experimental value by 1.90 pKa units. While confirming the 

accuracy of the protocol, we recall that an error of 1 pKa unit corresponds to an error of only 

1.30 kcal/mol in the calculations of the deprotonation energy. The test on the 

[Ni2(H2O)4bdptz]4+ complex allows to assume that the calculated pKa of models 1-4 of the 

fluoride riboswitch will be overestimated by roughly 1 pKa unit, while the pKa of models 5-13 

will be overestimated by roughly 2 pKa units. 

At this point, we calculated the pKa of models 3 and 4, and of 7 and 8 and model 11, 12 and 13 

of the fluoride riboswitch recognition site, since these are the only models for which a DFT 

optimized structure well compatible with the crystallographic structure was obtained. The 

predicted pKa of models 3 and 4 is 10.2 and 9.5, respectively, while the pKa of models 7 and 8 is 

predicted to be 10.6 for both models. Considering that the predicted pKa of model 3 and 4 is 

probably overestimated by roughly 1 pKa unit, while that of models 7, 8 and models 9-13 is 
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probably overestimated by roughly 2 pKa units, the best estimate of the pKa of the bridging 

water in the fluoride riboswitch recognition site is close to 8.4. 

According to these calculations, the predicted pKa of the riboswitch, estimated as the average 

of the predicted pKa in selected models, see Table 7.3, is 8.4, which is clearly lower than 11.4, 

the experimental pKa of [Mg(H2O)6]2+.44 While it would be purely speculative to imagine any 

functional role for this quite acidic Mg-bridging water, we remark that at the physiologic pH = 7, 

a pKa of 8.4 corresponds to having a sizeable fraction of the riboswitch with a Mg-bridging 

hydroxyl group.  

Table 7.3. Predicted pKa of selected models of the central cluster of the F-riboswitch, together 

with the average value. 

Model 7 8 11 12 13 Av. 

pKa 8.6 8.6 9.1 7.4 8.1 8.4 

 

Finally, we focused on the halide selectivity of the riboswitch, by investigating Cl– binding. 

Optimization of the Mg2+/Cl–/phosphate/water cluster (with a computational protocol 

corresponding to models 7, 11 and 13 of Tables 7.1 and 7.2) results in a fairly stable structure 

with no evident deformation of the system. The Mg-bridging water is firmly held in place even 

in the cluster corresponding to the small model 7, MUDO 0.20 Å (versus 0.16 Å in the F-cluster, 

entry 7 Table 7.1), while the MUDCl of 0.68 Å reflects the longer Mg-Cl versus Mg-F bonds, on 

the average 2.56 versus 2.07 Å, respectively. Similar stability is found for the Mg-bridging 

hydroxide clusters. This may suggest that the riboswitch could be able to fold and coordinate 
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the Cl– ion. To test the cluster under dynamic conditions, also in this case we performed DFT 

molecular dynamics simulations of the clusters corresponding to models 7 and 11. Analysis of 

the Mg-Cl and Mg-bridging water distances in the absence of the K+ ion indicates a clear 

instability of the Mg2+/Cl–/phosphate/water cluster under dynamic conditions. Indeed, after 1 

ps of rather stable behavior, severe fluctuations occurs in both the Mg3-O and Mg1-Cl bonds, 

with the Mg1 atom almost flying away from the cluster, see the snapshot in Figure 7.10, other 

two snapshots are reported in Figure 7.11.  

Inclusion of K+ in the dynamics results in a more stable behavior of the cluster. Nevertheless, 

large fluctuations of the Mg3-water (around 2.2 and 5.5 ps) and Mg3-Cl (around 5 and beyond 6 

ps) distances, together with an average value of the Mg-water distances of 2.39±0.22 Å, to be 

compared with the value of 2.22±0.10 Å in the corresponding dynamics of the F-cluster, can still 

be taken as clear signals of some structural instability of the Cl-water cluster also in presence of 

the K+ ion.  
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Figure 7.10. Time evolution of the Mg-O and Mg-Cl distances during the DFT molecular 

dynamics simulation of the Mg2+/Cl–/phosphate/water cluster, part a, and of the same distances 

during the MD simulation of the same cluster in presence of a K+ ion, part b.  
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The dynamic simulation of the Cl-clusters presenting a Mg-bridging hydroxide group results in 

quite stable Mg-OH distance, with an average value of 2.04±0.07 and 2.05±0.07 Å in the 

absence and in presence of K+, see Figure 7.10. Differently, the Mg-Cl distances, particularly in 

the absence of K+, show large fluctuations, see again Figure 7.10, with average values of 

2.81±0.26 and 2.71±0.16 Å. The higher stability of the cluster in presence of a Mg-bridging 

hydroxide is not surprising, due to the clearly stronger Mg-OH bond compared to the Mg-water 

bond. Indeed, the dynamic simulation of the Mg-bridging water Cl-clusters highlighted the 

longer Mg-O distances as points of weakness. Although no definitive conclusion can be drawn 

based on a limited number of short simulations, the larger fluctuations or even the disruption of 

the Cl-cluster in some of the simulations, opposed to the clear stability of the F-cluster up to 20 

ps, illuminates that the selectivity of the riboswitch in favor of F–, or better the instability of the 

riboswitch to bind halides other than F–, is related to the structural instability of the core 

Mg2+/heavier halide/phosphate/water cluster. 

 

Figure 7.11. Selected frame from the MD simulation of the Cl-cluster at 2.18 ps. Key distances 

in Å.  
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To quantify the difference of F– versus Cl– binding, we evaluated the halide substitution energy 

in water, using the largest considered model 13, as indicated in Eq. (5).  

 

                                    Ribosw-F + Cl–  Ribosw-Cl + F– + Gsub, (5) 

 

where Ribosw-F and Ribosw-Cl are the Mg2+/X–/phosphate/water clusters (X = F, Cl). According 

to the protocol we used, the left side of Eq. 5 is favored by 47.1 kcal/mol, indicating that the 

fluoride bound cluster is clearly more stable, despite the remarkably stronger solvation of the 

free F– would favor its substitution by Cl–. To unravel if the instability of the Cl-cluster is due to 

internal strain, consequence of the longer Mg-Cl bonds that stress the phosphate and water 

bridges connecting the Mg atoms, or it is consequence of the intrinsic weakness of the Mg-Cl 

bond compared to the Mg-F bond, we decomposed GSub according to the hypothetical 

thermodynamic cycle of Figure 7.12. 

 

Figure 7.12. Thermodynamic cycle used to decompose the different stability of the F- and Cl 

clusters. 
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The first vertical step of the cycle of Figure 7.12 corresponds to rigidly fragmenting the 

optimized F-cluster into the RiboswF
+ fragment and the F– ion, where RiboswF

+ indicates the 

cluster (without the F– ion) in the exact geometry it has in the optimized F-cluster, while the 

second vertical step of the cycle corresponds to rigidly combining the optimized Cl-cluster from 

the RiboswCl
+ fragment and the Cl– ion, where RiboswCl

+ indicates the cluster (without the Cl– 

ion) in the exact geometry it has in the optimized Cl-cluster. The top horizontal step of the cycle 

corresponds to deform the geometry of the halide free cluster fragment from the geometry it 

has in the F-cluster to the geometry it has in the Cl-cluster. The thermodynamic cycle of Figure 

7.12 allows to decompose Gsub as in Eq. 6. 

GSub = GDef +GInt = GDef –GInt/F +GInt/Cl,                      (6) 

where GDef, is the energy difference between the geometries of the RiboswX
+ fragment in the 

Ribosw-F and Ribosw-Cl clusters, while ΔGInt is the difference in the interaction energy between 

the free halides and the RiboswX
+ fragments, GInt/F and GInt/Cl. According to calculations, GDef 

amounts to only 4.7 kcal/mol, which indicates that strain in the phosphate and water bridges 

connecting the three Mg cations marginally destabilizes the Cl-cluster. On the other hand, the 

interaction energy between the Ribosw+ and the X– fragments amounts to 64.3 and 21.9 

kcal/mol for F– and Cl–, for a GInt of 47.1 kcal/mol, indicating that the difference in stability 

between the F- and Cl-clusters can be almost totally ascribed to the different strength of the 

Mg-Cl and Mg-F bonds. 

To have better insight into this difference, we calculated the Mg-X bond dissociation energy, 

BDE, in the [Mg(H2O)5X]+ complexes (X = F, Cl), as indicated in Eq. 7.  
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                                [Mg(H2O)5X] +  [Mg(H2O)5] 2+ + X– + BDE     (7) 

 

According to calculations, the Mg-F bond, with a BDE of 37.3 kcal/mol, is 19.6 kcal/mol stronger 

than the Mg-Cl bond, with a BDE of 17.7 kcal/mol, despite solvation stabilizes more F– than Cl–

,45 further confirming that the instability of the Cl-cluster is dominated by the intrinsic weakness 

of the Mg-Cl bond. 

7.3.4 DFT Modeling of the F-Inhibited Pyrophosphatase 

Intrigued by these results, we decided to investigate the structure and the energetics of an 

analogous three metals cluster held together by a fluoride anion, as present in the 

crystallographic structure of fluoride-inhibited pyrophosphatase (PDB ID: 1E6A). Similarly to the 

cluster at the center of the fluoride riboswitch, the binding pocket of the fluoride-inhibited 

pyrophosphatase system consists of the fluoride anion coordinated by three metal ions, 

specifically two Mn2+ and one Na+ ion. The coordination sphere of the three metal ions is 

completed by the carboxylate side chain of four Asp residues and by five water molecules. In 

addition, the natural pyrophosphate (POP) substrate is bound to this binding pocket in the 

crystallographic structure. For these reasons, we decided to investigate structure and energetics 

of the F-centered cluster in this protein, using the same protocol used to investigate the cluster 

at the center of the fluoride riboswitch. 

We cut two different models from the crystallographic structure. Besides the two Mn2+ (each 

considered in the hextet spin state), the Na+ and the F– ions, the first model includes the four 
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metal bound Asp side chains (up to the C-alpha), one POP ligand and the four water molecules 

completing the metals coordination sphere in the crystallographic structure. The position of the 

C-alpha atom of the Asp side chains was frozen to mimic the experimental structure. Further, 

considering that three of the four Asp residues are close in sequence, amino acids 115, 117 and 

120, the larger second model comprises the pyrophosphatase polypeptide backbone atoms 

from Asp115 to Asp120, including the C-alpha atom of Asn116 and Ile119, and the full ring of 

Pro118. Considering the larger size of this model, and the presence of the whole Asp115 to 

Asp120 backbone, no atom position was constrained. Optimization was performed in water, 

modeled with the continuum solvation model CPCM.  
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Figure 7.13. Superimposition of the optimized structure of the DFT optimized structure of 

models of the F-cluster of pyrophosphatase, stick and ball, with the crystallographic structure of 

1E6A, green wireframe. Selected DFT and X-ray distances in Å, X-ray values in round 

parenthesis. 

Optimization of the first model results in fairly stable cluster with no evident deformation of the 

system, see Figure 7.13, with a RMSD from the crystallographic structure of 0.85 Å. The fluoride 

ion is firmly held in place, with a MUD on the F-metal distances of 0.20 Å. Optimization of the 

larger model also results in a good agreement with the experimental structure, despite no 

constraint on the atoms position, with an overall RMSD of 0.63 Å on the heavy atoms. This 

suggests that the considered models are both able to capture the structure of the cluster. 

Replacing F– with Cl– has instead a strong impact on the cluster structure. Despite the constraint 

on the position of the C-alpha atoms, optimization of the small model of the Cl-cluster results in 

clear deformation of the cluster, with the Cl– ion losing its coordination from one of the Mn2+ 

ions and from the Na+ ion, and a RMSD of 1.17 Å from the crystallographic structure. Differently, 

optimization of the larger model results in an overall stable cluster, with a RMSD of 0.60 Å from 

the crystallographic structure, and with the M-Cl distances (M = Mn, Na) about 0.5 Å longer 

than the corresponding M-F optimized distance. This elongation of the M-X bond is similar to 

what we found in the case of the fluoride riboswitch.  

To shed light on the energetics connected to the binding of the halide at the center of the 

cluster, we calculated the halide substitution energy, using the optimized geometry of the larger 

F- and Cl-clusters. According to the protocol we used, binding of F– is favored by 25.9 kcal/mol, 
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indicating that also in the case of the pyrophosphatase cluster, the binding of the fluoride is 

remarkably favored. To clarify the relative weight of the Mn-X versus the Na-X bond, we 

calculated the M-X bond dissociation energy in the [Mn(H2O)5X]+ and [Na(H2O)4X]+ complexes, 

as indicated in Eq. 7. According to these calculations, the Mn-F and Na-F bonds, with a BDE of 

36.0 and 11.7 kcal/mol, are 12.5 and 7.1 kcal/mol stronger than the Mn-Cl and Na-Cl bond, with 

a BDE of 23.5 and 4.6 kcal/mol, respectively, indicating that the instability of the Cl-cluster is 

basically distributed on the Mn-Cl and Na-Cl bonds to almost a similar extent. 

7.4 Conclusions 

To conclude, our DFT and DFT-MD analysis of the core Mg2+/halide/phosphate/ water cluster 

of the fluoride riboswitch from T. petrophila allowed to clearly explain the following: (i) The 

core cluster is a stable entity on its own, under both static and dynamic conditions. Once the 

active site in the active site is assembled, it does not need any additional stabilizing factor from 

the overall RNA molecule. (ii) Replacing the Mg-bridging water molecule with a hydroxyl group 

results in a structure perfectly consistent with the experimental data, although it should be 

considered that this requires having an overall negatively charged cluster, in the negatively 

charged environment provided by the RNA backbone. (iii) The Mg-bridging water molecule is 

quite acidic, with a predicted pKa around 8.4. (iv) Replacing the fluoride with a chloride in the 

DFT geometry optimization leads to minor structural changes, which indicates that binding of 

heavier halides could be structurally feasible. However, the DFT-MD simulations indicated that 

the Cl-cluster is unstable under dynamic conditions, with the substantial rupture of Mg−Cl and 

Mg-water bonds. (v) Binding of a fluoride in the core cluster of the riboswitch is clearly stronger 
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than binding of a chloride, and this difference can be mainly ascribed to the difference in the 

Mg−F and Mg−Cl bonds strength. (vi) Calculations on the F-centered cluster of fluoride-

inhibited pyrophosphatase show that also in this case fluoride has a much better ability than 

chloride to hold together the cluster, both from a structural and energetic point of view.  
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