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ABSTRACT 

 

A Biocomputational Study of Water-Nucleobase Stacking Contacts in Functional 

RNAs 

Kanav Kalra 

 

Recent structural studies evidenced the presence of a recurring well-known interaction between 

an oxygen atom and an aromatic nucleobase ring in structural motifs of nucleic acids. In 

particular, this type of interaction is observed between the O4' atom of the (deoxy)ribose moiety 

and the aromatic nucleobase in Z-DNA molecules and in a variety of structural RNA molecules. In 

this thesis, we comprehensively examine the hitherto undetected stacking interactions between 

an oxygen atom of a water (Ow) molecule and the aromatic nucleobase ring, using structural 

bioinformatics along with quantum mechanics. On the basis of the structural analysis of the high-

resolution X-ray structures, we found out that the stacking distance between the Ow atom and 

the nucleobase plane varies between 3.1 and 4.0 Å. Further, the contact between the Ow-

nucleobase plane can be categorized either as a lonepair-π type, where the Ow atom interacts 

directly with the aromatic surface of the nucleobase, or as an OH-π interaction, where one of the 

hydrogen atoms of the Ow points towards the nucleobase. Our quantum chemical analysis 

evidenced that the OH-π interaction is clearly favored in terms of energetics when compared to 

the lonepair-π, except for the uracil, where the lonepair-π kind of interaction seems to be 

energetically more stable, as also supported by electrostatic potential map calculations.  
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Chapter 1 

Introduction 

1.1 Nucleic Acids 

Nucleic acids are cellular biomolecules that possess a variety of functions. In the modern cellular 

organisms, genetic information is stored and encoded in the sequence of the Deoxyribonucleic 

Acid (DNA) molecule. DNA molecules typically exhibit a double helical structure, characterized by 

classical (Watson-Crick) H-bonding interactions between the A-T and G-C base pairs, see Figure 

1.1. However, they can have a certain structural variability, ranging from a local variability of the 

canonical double helix (A-/B-/Z- conformations) to non-canonical structures, such as the i-motifs 

or guanine quadruplexes (G-DNA), organized through cation-stabilized guanine tetrads.  

Ribonucleic Acid (RNA) molecules are generated by copying selected segments of DNA during a 

process called transcription. Among nucleic acids, RNA is the most versatile biopolymer. Until 

recently, it was thought that the RNA molecule only participates in gene expression utilizing 

different functional forms of RNAs like the messenger RNAs (mRNA), the ribosomal RNAs (rRNAs) 

and the transfer RNAs (tRNAs). However, the recent discoveries of the functional roles of several 

non-coding RNAs have changed the viewpoint of the structural and functional role possessed by 

these molecules. With the discovery that RNAs can perform catalytic reactions,1-4 our vision that 

RNAs simply serve as information transfer molecules has dramatically changed. The building 

blocks of nucleic acids are called nucleotides and consist of three chemically diverse compounds: 

an aromatic nucleobase (pyrimidine or purine), a five-membered (2’–deoxy) ribose sugar moiety, 
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and a negatively charged phosphate group, which imparts acidic properties to the nucleotide, 

see Figure 1.2. While the nucleobase is linked to C1’ atom of the sugar 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 

former incorporate 2’–deoxyribose as the sugar, while the latter include ribose. The nucleotides 

are joined together by an esterification reaction between the C3’ hydroxyl group of one 

nucleotide and a phosphate of another one, 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 of the sugar, enabling RNA to be shaped utilizing variable non-canonical 

interactions and imparting it various structural features. Even though RNA molecules are single 

stranded, their structural and functional variability is overwhelming. 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.  
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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.5 

 

 

Figure 1.2 A RNA strand fragment, with the 5’ to 3’ directions of the chain shown by an arrow 

with atom base numbering. The three components of the nucleotide, i.e the nucleobase, the 

ribose and the phosphate are also annotated. The figure is adapted from Saenger, 1984.  

 

1.2 Molecular Interactions Stabilizing the Nucleic Acid Structure: H-bonding and Stacking 

between the Nucleobases 

The H-bonding and stacking interactions constitutes two primary forces stabilizing the three-

dimensional structure of a nucleic acid molecule. In this context, a base pair classification scheme 
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was proposed based on planar edge-to-edge hydrogen bonding interactions between two bases 

that involve one of three distinct edges,6 see Figure 1.3. The edges have been classified as 

Watson–Crick (W), Hoogsteen (H) (for purines) or the equivalent “C-H” (for pyrimidine), and 

Sugar (S) edge. A given edge of one nucleobase can potentially form H-bonds with any one of the 

three edges of a second nucleobase, and can interact in both cis or trans orientations of the 

glycosidic bonds, see Figure 1.3. 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 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. 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. 

Besides the base-base H-bonding, there are many other kinds of H-bonds, for instance in base-

phosphate, intramolecular O2’H. . .O3’/O5’/OP, etc. 

Further, apart from base-base H-bonding interaction, stacking between the bases constitute a 

major stabilizing factor for the overall structural stability of the nucleic acid molecule. An example 

of the H-bonding and stacking between the nucleobases is shown in Figure 1.4.  
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Figure 1.3 In the upper panel, the Leontis/Westhof classification of H-bonded base pairs. (A) RNA 

bases - cytosine (C) and guanine (G) - involve one of three distinct edges: the Watson–Crick (W) 

edge, the Hoogsteen (H) edge, or the sugar (S) edge, with their respective symbols. The lower 

panel shows the H-bonding for guanine and cytosine in either cis or trans orientation with respect 

to the glycosidic bonds. 
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Figure 1.4 Example of a small RNA duplex showing the complex interplay between H-bonded 

base pairs and stacked bases with a detailed representation of a A-U H-bonded base pair, and of 

an A base stacked on top of a G base. 

 

1.3 Occurrence and stability of Lone pair-π contacts in nucleic acids  

Apart from the H-bonding and stacking interactions occurring between the nucleobases, other 

types of molecular interactions have recently been shown to also possess a structural role in 

stabilizing the structure of nucleic acids. Among those, the LP-π contacts seem to be one of the 

peculiar types of contacts. The first experimental evidence of LP-π interaction in nucleic acids, 

between a deoxyribose and a nucleobase, was proposed in 1995 by Egli and Gessner in the 

context of Z-DNA, where it was shown to possibly stabilize the DNA structure.7 Further, it has 

been shown by the same authors that the LP-π contact in the d(CpG) step in the Z-DNA molecule 
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is related to the close contact of the lone pair of the O4’ atom of the deoxyribose moiety of the 

cytidine residue and the six membered ring of the guanosine in the d(CpG) step.7 They tried to 

explain the possible stabilizing contribution on the LP-π orbital interaction from a Mg2+ cation 

coordinated to the Hoogsteen edge of a guanine, and causing its polarization .8 Further, Sponer 

and coworkers have performed the quantum chemical analysis on the d(CpG) step from the Z-

DNA fragment and concluded that the O4’ contacting the guanine residue is attractive when 

electron correlation is included and therefore the dispersion interaction between the O4’ of the 

deoxyribose and the nucleobase moiety plays a major role in stabilizing the LP-π contact.9  

Further, a very recent structural database analysis conducted by Auffinger and co-workers in 

2016 has shown that the dinucleotide steps observed in the left-handed Z-DNA or Z-RNA are not 

limited to d/r(CpG) steps. 10 However, in case of RNA molecules the r(U/ApA) steps were found 

to be occurring more frequently in comparison to the r(CpG) steps.10 Further, our group has 

extended the database analysis and concluded that more than 30% of LP-π contacts were 

observed between non-subsequent nucleotides including long-range contacts, which are formed 

between the residues that are at least 4 residues apart in sequence, that is other than Z-DNA like 

steps described by Auffinger and co-workers.10-11 These LP-π contacts have been observed in 

recurrent motifs such as UNCG tetraloops, A-minor motif, UNCG like pentaloop, hexaloop and E-

like loop – were also identified to be containing LP-π stacking within ribose-nucleobase contact.11 

The LP-π contacts between the O4’ of the ribose moiety and the nucleobases have been observed 

in large ribosomal structures as well as in some small RNA structures like tRNAs, riboswitches, 

and ribozymes at structurally important locations.  Moving on to the energetics, the calculated 
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interaction energies between the ribose-nucleobase interactions in the gas phase at the DLPNO-

CCSD(T) level of theory, resulted in the interaction energies that are nearly –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), which 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 the ribose-nucleobase interaction was shown to rely 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 O4′ atom, and a substantial contribution deriving from dispersion 

interaction between the whole ribose ring and the nucleobase, indicating the possible stabilizing 

contribution of such an interaction.11  

 

Figure 1.5 Example of lone pair (LP)–π interaction in Z-DNA (broken red line in magnified inset 

at right). Figure adapted from ref. 12.  

 

 



20 
 

1.4 Water-aromatic ring as a model system  

During the past two decades, a number of research groups have carried out different theoretical 

and experimental studies in order to investigate the LP-π contacts, focusing in particular on 

water–aromatic ring complexes in the context of different organic molecules.13-17 The water-

aromatic complexes serve as a prototype example if one wants to study the stabilization 

contribution for such a contact, posing a simple advantage that the oxygen atom of a water 

molecule does not contain any functional groups other than a hydrogen atom that could 

potentially influence its interaction with the aromatic ring. Thus, the existence and nature of the 

possible LP-π interaction can be unambiguously analyzed. Further, many theoretical studies 

investigated: i) whether the interaction between the water and the aromatic ring constitutes a 

LP–π contact, where the oxygen of the water molecule lies on the top of the aromatic ring plane, 

and ii) whether it is the hydrogen atom from the water molecule that points towards the aromatic 

ring, thus forming instead a OH-π kind of contact. In this regards, many studies have in fact 

concluded that the OH-π contact seems to be more favorable for water-benzene and water-

tryptophan complexes.15 In contrast, the LP-π contacts were preferred in the case of electron 

deficient hexafluorobenzene molecule. In addition to organic and inorganic molecules, the 

stacking contact between the water and the π-face of aromatic rings were observed in different 

biomolecules including nucleic acids and proteins.7-8, 10-11, 15 Not surprisingly, the orientation of 

the hydrogen atoms from the water molecule cannot be easily determined from X-ray 

crystallographic structures, as the position of hydrogen atoms are clearly missing in such 

structures. One structural feature that can be helpful in determining the orientation of hydrogen 

atoms of the water with respect to the nucleobase rings in such kind of water-aromatic ring 
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systems can be the distance of the Oxygen of the water molecule from the centroid of the 

aromatic ring. In this context, in 2003 Egli suggested the distance criterion to be between 2.7 and 

3.1 Å for LP-π, and between 3.2 and 3.5 Å for OH-π kind of contacts, specifically in case of nucleic 

acids.18 Next, one of the study was performed on the interaction between water and substituted 

benzene with a prime focus on predictability of stabilization energies by a classical electrostatic 

model, as it was expected that electron-donating functional groups added to the aromatic rings 

could cause stronger stabilization of the OH-π geometry, and in contrast, the electron-

withdrawing substituents added to the aromatic rings could result in stronger stabilization of the 

LP-π geometry.19 Surprisingly, in the case of electron-donating substitutions, the trend of the 

interaction energies did not agree with predictions by the classical electrostatic model. The 

authors proposed as an explanation that water does not interact only with the aromatic ring, but 

also interacts with substituents through direct interactions, as also proposed by Wheeler and 

Houk.20 

 

1.5 Water-Nucleobase Stacking Contacts in the context of Nucleic Acid Structures 

Water is well known to bind and stabilize the three-dimensional structure of both DNA and RNA 

molecules, and it is widely accepted that water molecules contribute to the stability of the nucleic 

acids helical conformations, by binding and screening the charges of the anionic phosphate 

groups. 

The involvement of water molecules in H-bonding with the surrounding water and solvent 

molecules, their coordination to metal cations, and the presence of water-mediated H-bonding 
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between bases, between a base and a sugar, and between a sugar and a phosphate group is very 

well documented in literature. However, very few studies have focused to date on the stacking 

contacts between the water molecule and the nucleobase.8, 18 The first instance of a water 

molecule stacked on a nucleobase (A and G), was documented in case of X-ray studies of the 

ribosomal frameshifting RNA pseudoknot by Egli and coworkers in 2003, where they have 

categorized the possibility of existence of a LP-π  or OH-π kind of interaction.18  An instance of 

LP-π or OH-π kind of interaction for water-adenine is shown in Figure 1.6.  

 

Figure 1.6 Schematic representation of LP–π and OH–π water-nucleobase stacking contacts. 
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1.6 Objectives and Contributions 

The main objective of the thesis is to investigate in a systematic way the occurrence in RNA 

experimental structures of water-nucleobase stacking contacts and to characterize their 

contribution in terms of structural stability. To this aim, an integrated approach, using structural 

bioinformatics along with advanced quantum chemical calculations, has been applied. 

The analysis of a set of representative experimental structures for RNA revealed a large number 

of occurrences of stacking contacts between water and nucleobases for all the four bases, with a 

prevalent involvement of guanine and uracil. The analysis of the structural context of the above 

occurrences resulted in a possible classification of the interactions in either LP-π or OH-π 

contacts. Finally, our energetic analysis clearly revealed that the OH-π contacts between water 

and nucleobases are more stable as compared to the LP-π ones for all the bases but uracil, for 

which the LP-π seems to be more stable. An explanation of such an unexpected behavior is given, 

based on electrostatic potential map calculations. 

The above findings are unreported to date in the literature. 
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Chapter 2 

Methods 

Computer modeling is accepted today as a tool that aids in studying the properties of biological 

and chemical systems by simulating the outcomes of mathematical models associated with the 

system.  

The strength of this field is that it uses mathematical knowledge and computational power to 

solve real world problems cheaply and in a time efficient manner, thus allowing gaining in terms 

of human time, money and environmental care. In the case of computational chemistry, it allows 

for instance to study the relative stability of molecules, to characterize the species along reaction 

pathways and the thermodynamics and the kinetics of the reactions, to understand the bond 

strengths, to quantify intra and inter-molecular forces and more. 

 

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

The Born-Openheimer approximation21 simplifies the complicated Schrödinger equation for 

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

are independent from 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. 



25 
 

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 is: 

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

where the total Hamiltonian, Htot, is: 

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) = 𝑇𝑒𝑙 + 𝑉                                                   (2.4) 

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

state of the molecule by solving the equation: 

(𝑇𝑒𝑙 + 𝑉)𝛹𝑒𝑙(𝑅, 𝑟) = 𝑈𝑛(𝑅)Ψ𝑒𝑙(𝑅, 𝑟)                                                    (2.5) 
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where Un is the sum of the electronic energy and the potential energy of the nuclei, for 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) 

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,22-23 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

2𝑚𝑒
∑ 𝛻𝑖

2

𝑁

𝑖

− ∑ ∑
𝑍𝛼𝑒2

𝑟𝑖𝛼
+ ∑ ∑

𝑒2

𝑟𝑖𝑗
                                          (2.8)

𝑁

𝑖>𝑗

𝑁

𝑗

𝑁

𝑖

𝑀

𝛼

 

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 the above expression the inter-electronic 

repulsion terms indicates that electrons are correlated, and the complete wavefunction should 

be function of all the electrons, Y = Y(r1, q1, f1,… rN, qN, fN). This problem is computationally 

intractable. Therefore, a zeroth order wave function was proposed that disentangles the 

connection between the electrons assuming that each electron moves in the average field  

generated by all the other electrons. This allows to rewrite the complex wavefunction above into 

a wavefunction 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 
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the electronic wave function. Correspondingly, the all-electron Hamiltonian H can be 

approximated as the sum of one-electron Hamiltonians, hi, so that H = hi. 

Even though the wave function 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 

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⟩⁄ .  

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 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 

electron 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,24 and coupled cluster theory. 

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

𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑛𝑜𝑛𝑟𝑒𝑙 − 𝐸𝐻𝐹                                                                                     (2.13) 
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The correlation energy (𝐸𝑐𝑜𝑟𝑟) is the difference between the exact nonrelativistic energy (𝐸𝑛𝑜𝑛𝑟𝑒𝑙) 

and the HF energy (𝐸𝐻𝐹). 

 

2.3 Basis set 

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

linearly (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 with cusp beahvior, well describing the 

charge and spin at the nucleus. STOs are computationally difficult, for this reason they are 

approximated as linear 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 main drawback of Gaussians basis functions is that they miss the cusp 

behavior, which can be approximated by using a large number of Gaussians. 

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.  
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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, 

"electronically soft" molecular systems. 

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).  
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2.4 Programs Used  

Gaussian 

In this thesis, the Gaussian suite program has been used to optimize the isolated structures of 

nucleobases, benzene, hexafluorobenzene and water molecule. 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.  

ORCA  

The ORCA program has been used for single point energy calculations of the water-nucleobase 

complex. In particular, DLPNO-CCSD(T) method has been used along with the 2-point 

extrapolation scheme utilizing the aug-cc-pVTZ and aug-cc-pVQZ to obtain the CBS energies, 

which is described in detail in the below sections. To eliminate the effects from basis set 

incompleteness, the extrapolation schemes for HF and correlation energies of individual species 

suggested by Helgaker et al. for two adjacent aug-cc-PVnZ level basis sets were employed:  

𝐸𝐻𝐹
𝑋 = 𝐸𝐻𝐹

∞ +  𝛼𝑒−1.63𝑋 

𝐸𝑐𝑜𝑟𝑙
𝑋 = 𝐸𝑐𝑜𝑟𝑙

∞ +  𝛽𝑒−3 

where X = 3 and 4 for aug-cc-PVTZ and aug-cc-PVQZ basis sets, correspondingly; (𝐸𝐻𝐹
∞ /𝐸𝑐𝑜𝑟𝑙

∞ ) HF 

and correlation energies at CBS limit; α/β are parameters to be obtained from a system of the 

two equations.  

 

2.5 Quantum Chemical Calculations to study Non-Covalent Interactions in Nucleic Acids 
 
During the past few decades, a number of computational studies have been carried out to 

computationally investigate the structure and energetics of nucleic acids.  Looking at the first 
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modern electronic structure QM calculations of basic interactions (Stacking and H-bonding 

between nucleobases) in nucleic acids were published around 1995.25-28 these calculations 

included for the first time a correlation energy of electrons and achieved a semi quantitative 

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. In the below section, we describe the methods 

adopted for the structural dataset analysis along with the quantum-chemical analysis for the 

energy calculations for the investigated water-nucleobase stacking contacts.  

 

2.6 Structural Dataset 

We started from the non-redundant 3D structure dataset for RNA, version 1.89 by Leontis and 

Zirbel.29 The 699 structures that have a resolution ≤3.5 Å were collected. 

 

Figure 2.1 Definition of the reference Cartesian frame on the nucleobases and of the parameters 

used to define the position of the OW relative to the nucleobase. The origin is at the geometrical 
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center of the heterocycle skeleton, the x-axis passing through the N3 atom for pyrimidines and 

through the middle point of N1-C2 bond for purines; the y-axis forms a 90 degree angle with the 

x-axis, with the C5 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 blue region defines a circle of radius 1.5 

Å in the xy-plane of pyrimidines, and an ellipse in the xy-plane of purines, with minor and major 

axes equal to 1.5 Å and 2.5 Å. A water and a nucleobase are considered to be interacting if the 

projection of the O atom of the water on the xy-plane is within the blue region, with the vertical 

distance in the –4.0 Å to +4.0 Å range.  

 

2.7 Identification of Water–Nucleobase Contacts 

Water-nucleobase stacking contacts were identified using the setup shown in the Figure 2.1. The 

nucleobases of all the instances in the dataset were oriented in a Cartesian frame as follows. The 

geometric center of the heterocycle skeleton was selected to be the Origin for the frame.  

For pyrimidines, the line passing from the origin and the N3 atom was selected as the x-axis. Next, 

for the purines, the line passing from the origin and the middle point of the N1-C2 bond was 

selected as the x-axis. The y-axis forms a 90o angle with the x-axis, with the C5 atom of purines 

and the C4 atom of pyrimidines lying in the xy-plane at positive y values. A right handed cartesian 

frame was formed by choosing the z-axis along the cross product of the vectors along the x-axis 

and y-axis. The coordinates of all of the nucleobase-water pairs were transformed to make the 
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filtering process smoother as we could now easily define the translation parameters for filtering 

the true positive instances of water-nucleobase contacts from the crude dataset. The distance 

criteria to identify the water-nucleobase contacts has been stated using the translation 

parameters, defined in the Figure 2.1. For purines, the blue shaded region in the figure shown 

above has been defined in the following manner. For pyrimidines, the circular distance of with a 

radius of 1.5 Å was considered, centered at the origin, and for purines, an ellipse with major axis 

2.5 Å and minor axis 1.5 Å centered at origin was considered, indicated by the blue shaded region 

in Figure 2.1. A water-nucleobase contact is considered to be a valid interaction if the projection 

of the oxygen atom of the water molecule falls within the blue region, and the vertical z distance, 

of the O atom is within the range –4.0 Å to +4.0 Å. This procedure allowed us to identify a total 

of 1008 water–base contacts in 293 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 were selected to enforce that the projection of the O atom of the 

water on the base plane is within the heterocycle ring. For the vertical distance, we considered a 

cutoff of ±4.0 Å.11 A plot of the distribution of distances of the O atom from the base plane is 

reported in Results and Discussion Section, Figure 3.1.  
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2.8 Quantum Mechanics Calculations 

Binding Energy Calculations of the Water-Nucleobase Stacking Contacts 

During the last few decades, various computational studies have successfully being carried out 

to give insights related to the structural stability and energetics of H-bonded and π–π interactions 

between the nucleic acid residues.9, 26, 30-35  In particular, usage of quantum chemical calculations 

have been found indispensable to study different non-covalent interactions observed in 

experimentally determined structures.30, 36-40  

The water–base interaction energy was 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 (63),41 

including stacking interactions in nucleic acids.6, 42 The domain-based local pair-natural orbital 

(DLPNO) approximation,43-45 as implemented in the ORCA package,46 was used to accelerate 

calculations. The water−nucleobase binding energies (Ebind) were determined using two 

protocols. Binding energies were computed at the DLPNO/CBS level of theory by 2-point 

extrapolation scheme using aug-cc-pVTZ and aug-cc-pVQZ basis sets. The scanning of the 

distance between the oxygen atom of the water molecule (OW) and the nucleobases centroid 

(defined as the center of mass of the heterocyclic ring of the nucleobases) was performed at 0.1 

Å increments ranging from 2.4 Å to 6.0 Å, and 1.0 Å increments from 6.0 Å to 8.0 Å, with the 

geometry of nucleobases frozen at the PBE1PBE/TZVP optimized geometry. In the first scenario, 

a LP−π contact between the oxygen atom of water molecule and the nucleobases has been 

considered. In the second scenario, one of the hydrogen atoms from the water molecule is 
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considered to be pointing towards the centroid of the nucleobases forming an OH-π kind of 

interaction. In both the cases, OW -nucleobase centroid distance for all the four bases, viz. A, U, 

G and C, is varied from 2.4 to 8.0 Å, and energy of interaction is calculated at each point using 

the below equation: 

                                                   𝐸𝑏𝑖𝑛𝑑  =  [𝐸𝑊𝐵  −  (𝐸𝑊  +  𝐸𝐵)]  +  𝐵𝑆𝑆𝐸 

Where, the EWB is the electronic energy of the water–base complex and EW and EB are the 

electronic energies of the isolated water and nucleobase fragments forming 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 entropy47.  

The potential energy curve (PEC) for all the four bases, along with the reference benzene, 

hexafluorobenzene, and water molecules, is shown in Figure 3.6. The resulting Ebind values were 

corrected for basis set superposition error (BSSE) using the counterpoise method,48 and all Ebind 

values in the thesis are BSSE-corrected unless otherwise noted. 

A similar protocol was adopted to draw the potential energy curve for OW-nucleobase contacts, 

now considering the OH-π interaction, in contrast to the LP-π interaction discussed in the above 

section. In this case, one of the hydrogen atoms of the water molecule is considered to be 

pointing towards the centroid of the nucleobase plane. The PEC of OH-π interactions for all the 

four nucleobases are shown in Figure 3.6. 
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As for the reference systems, the binding energies between the water and 

benzene/hexafluorobenzene were also calculated at different distances varying from 2.4 Å to 8.0 

Å, considering both the LP–π and OH-π type of interactions, similar to as described for the water-

nucleobase contacts. The benzene and hexafluorobenzene system seems to be an obvious 

choice, as these molecules possess altogether different polarities, with the benzene ring 

possessing electron rich π cloud. In contrast, the hexafluorobenzene consists of a electron 

deficient π cloud, which could interact differently with the water molecule. To have a clear idea 

of the effect of energetics on these two systems, the PEC for the interaction between the water-

benzene and the hexafluorobenze molecule is described for both the LP–π and OH-π type of 

interactions in Figure 3.6 along with that of the nucleobases interacting with the water molecule. 

Electrostatic potentials were mapped on electron density isosurfaces corresponding to a value of 

0.0004 atomic units, and are scaled between –30 and +30 kcal/mol, as shown in Figure 3.7. 
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Chapter 3 

Results and Discussion 

3.1 Statistical and Structural Analysis of Water-Nucleobase Stacking Contacts 

The nucleobases of all the 699 PDB structures with a resolution of 3.5 Å or better in the selected 

dataset were examined to identify the water-base stacking contacts using the geometrical criteria 

shown in Figure 2.1. Of the 699 analyzed PDB structures, 69 structures do not have even a single 

water molecule as a water of crystallization, this reduces the dataset to 630 PDB structures. 

Stacking contacts between water and nucleobases were defined as those pairs for which the rise 

of the OW atom of the water is within the -4.0 to +4.0 Å range and its projection on the base plane 

is in the circular radius of 1.5 Å for, pyrimidines, and in an ellipse with major and minor axes of 

2.5 and 1.5 Å ,for purines. Using this procedure, we were able to identify 1008 instances of water-

nucleobase stacking contacts in 293 PDB structures, which correspond to 46.5% of the available 

PDB structures in the dataset. At least one instance of water-nucleobase stacking contact has 

been observed in 293 structures, and as many as 198 instances of water-base stacking contacts 

have been observed in the large ribosomal subunit of H. marismortui structure (PDB id: 1S72). 

Next, the water-nucleobase stacking contacts have been counted for each of the four bases (197, 

351, 165, 295 instances for adenine, guanine, cytosine and uracil, respectively), see Figure 3.2.  

The statistical analysis (Figure 3.1a) clearly shows the prevalent involvement of guanine and 

uracil in forming the water-base stacking contacts, representing 64% of the total instances, 
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(34.8% for guanine and 29.3% for uracil). While adenine and cytosine are involved in stacking 

contacts with water in the 19.5% and 16.4% of the total cases  

Reducing the cutoff distance of the rise parameter to 3.5 Å for the identification of the water-

base stacking contacts, the total number of instances for all the four nucleobases drops to 591. 

This clearly indicates that nearly 41% of the total instances (1008-591=417), feature a rise in the 

3.5-4.0 Å distance range. Although the reduced number of instances due to the decrease in the 

rise cutoff distance, the majority of contributions is still given by guanine (170 instances) and 

uracil (222 instances) bases, which together amount to 66% of the total instances. As a remark, 

the number of instances for uracil increased from 29% with a 4.0 Å rise cutoff to 37% with a 3.5 

Å rise cutoff, while for guanine, the number of instances reduced from 35% to 29% when 

decreasing the rise cutoff. 

Further reduction of rise cutoff distance to 3.0 Å drastically reduces the total number of instances 

for all the four bases involved in water-base stacking contacts to 78. This means that 513 

instances lie in the 3.0-3.5 Å cutoff range (roughly 50% of the total number of instances in the 

initial analysis where a rise cutoff of 4.0 Å was considered). Interestingly, the overrepresentation 

of guanine and uracil bases still persists, with G and U collectively contributing 65% of the total 

instances. We note that, as we decrease the cutoff distance, the percentage contribution from U 

increases rapidly, while that from G decreases. A and C have the same percentage contribution 

for any studied rise cutoff distance values. The above discussion clearly evidences that the U base 

is more likely to form the contacts even at shorter distances of the rise value.  
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Further, we tried to analyze the actual spread of vertical distances in the complete range for each 

of the nucleobases. Looking at Figure 3.1b, it seems evident that for all the four nucleobases the 

rise distance varies in the range 2.4 Å to 4.0 Å. As it is also evident from the above analysis, we 

see that the majority of the instances for all the four nucleobases falls within the rise range of 

3.1 Å to 3.7 Å, with the maximum falling around 3.5 Å for A, G and C nucleobases, and around 

3.1-3.2 Å for U, which is in line with above analysis, indicating that the number of instances of 

the U increases with the reduction in rise cutoff value. 

Figure 3.2 describes the distribution of the OW atom over each of the nucleobases, which clearly 

depicts that the OW is distributed over the complete area of the heterocycle ring. In pyrimidines, 

specifically for uracil, a large number of OW projections can be visualized near the C2 atom, which 

may be correlated to the positive electrostatic potential near the C2 atom of the U base, 

discussed in the following section. Next, for cytosine, a high density of OW projections is observed 

near the C5 atom. In contrast to adenine, where a uniform projection of OW atoms is observed 

throughout the nucleobase ring, the five membered ring of guanine is observed to have higher 

density of OW projections, specifically near the N7-C8 bond.   

In order to check whether the resolution of the X-ray structures may impact the number of 

instances of water-base stacking contacts, we also tried to reduce the PDB resolution cutoff from 

3.5 Å to 2.0 Å and to 1.5 Å. Initially, with the resolution cutoff of 3.5 Å, we have 1008 instances 

of water-nucleobase contacts from 293 distinct PDB files, which averages to around 3 instances 

per PDB. Reducing the resolution cutoff to 2.0 Å, the total number of instances decreases to 373 

corresponding to 128 distinct PDB structures, which again comes out to be around 3 instances 
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per structure. Although the absolute number of instances decreases with decreasing the 

resolution cutoff, we see that the trend of the contribution from each of the nucleobases remains 

the same.  

Further reduction of resolution cutoff to 1.5 Å resulted again in a decreased number of instances, 

which now amount to 122 from 42 distinct PDB files. Again, we see that this corresponds to 

roughly 3 instances per PDB. Also, even on reducing the resolution cutoff to 1.5 Å, the trend of 

contribution from the nucleobases is almost the same, as shown in Figure 3.3a. 

Therefore, as we decrease the resolution cutoff, the number of PDB files obviously decreases, 

but interestingly the number of instances per PDB file remains roughly the same. In the figure, 

we can also see the trend of 4.0 Å, 3.5 Å and 3.0 Å distance cutoffs as we decrease the resolution 

cutoffs.  

Further, the water-base stacking contacts have been identified in different structural RNA 

molecules, including rRNA, tRNA, riboswitches and ribozymes. To quote an example, we were 

able to identify five different water-nucleobase stacking contacts in a RNA pseudoknot structure 

(PDB id: 1L2X with a resolution of 1.25 Å). Here, the two water molecules, W120 and W189 are 

stacked onto the purine ring A24, with W120 on top of the five membered ring and W189 on top 

of the six membered ring. Next, W73 is stacked on top of the six membered ring of A20, and 

W114 at the top of the periphery of the five membered ring of G2. Four out of five contacts are 

made with the purine rings, and only one is with the pyrimidine system corresponding to the 

stacking between W71 and C8, see Figure 3.4. 
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Table 3.1 Number of instances for each considered PDB structure with varying resolutions  

Resolution(Å) Number of PDBs Number of Instances 
≤ 3.5 293 1008 
≤ 2.0 128 373 
≤ 1.5 42 122 

 

 

Figure 3.1 a. Total number of instances (count and percentage) of water-nucleobase stacking 

interactions; The distance of the OW and the nucleobase plane (NP) has been varied from 4.0 Å 

to 3.0 Å and the corresponding counts and percentages of the nucleobases participating in OW-

nucleobase stacking contacts have been reported; b. The distribution of rise parameter z-

distance that is the distance between the OW and the centroid of the Nucleobase Plane. 
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Figure 3.2 Side view and Top View of the water-nucleobase stacking contacts in the analyzed 

dataset.  

 

Figure 3.3 a. Distance distribution of Ow from the nucleobase plane for RNA structures at 

different resolutions; b. Scheme of the geometrical description of the distance cutoffs used in 
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Figure a. The three distances depicting whether the Ow is within the range of 3.0 Å from the 

nucleobase plane, 3.5 Å or 4.0 Å.   

 

 

Figure 3.4 The case study of the 1L2X PDB with potential Ow-nucleobase contacts.  

 

3.2 Search for LP-π Contacts between Water-Nucleobase Contacts 

The above statistical analysis clearly evidenced that a number of stacking contacts occur between 

water and all the four nucleobase moieties. However, in order to find out if the given interaction 

is in fact a LP-π type, we employed simple geometry-based criteria, to identify if the involved Ow 

atom is also participating in H-bonding interactions with acceptor atoms from the surrounding 
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environment including the nucleobase and/or its backbone and bound proteins. In order to 

investigate this, we scanned the potential H-bond acceptor atoms surrounding the OW atom, 

using the distance based geometrical criterion, with the distance between the OW atom and the 

acceptor atoms within the distance of 3.5 Å. To qualify the interaction as a putative LP-π or a true 

LP-π, the following possibilities have been considered:   

a) The OW atom of the water molecule is surrounded by at least two acceptor atoms, strictly 

from the nucleic acid/protein, potentially engaging both the hydrogen atoms of the OW with 

H-bonds, thus the Ow atom will have no hydrogen atom to form an OH-π interaction with the 

nucleobase and hence it could be potentially an instance of true LP- π interaction, see Figure 

3.5a. 

b) The Ow atom of the water molecule is surrounded by two acceptor atoms, one of which is 

strictly an acceptor atom from the nucleic acid/protein and other one is the oxygen of 

another water molecule, see Figure 3.5b.  

c) The Ow atom of the water molecule is surrounded by two acceptor atoms, both of which are 

oxygens from other water molecules, forming a putative LP-π stacking contact, see Figure 

3.5c. 

d) Finally, if the Ow atom of the water molecule is surrounded by no acceptor atoms, then a 

possible OH-π contact between water and nucleobase may occur.  

Table 3.2 clearly shows that out of 1008 total instances of water-nucleobase stacking contacts, 

58% (587) are engaged in H-bonding with surrounding acceptor atoms, either from the nucleic 

acid/protein or from the solvent water. If we consider only the cases where the Ow atom H-bonds 
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to two heteroatoms of nucleic acids/proteins, they amount to 27% (273) of the total. These can 

be considered unambiguously as true OW-nucleobase LP–π contacts. The schematic 

representation of such interactions is shown in Figure 3.5. Next, in 23% (229) of the instances OW 

may be H-bonding to one acceptor atom from the nucleic acid/protein and to the oxygen of 

another water molecule along, constituting other probable examples of true water-nucleobase 

LP-π stacking contacts.  

 

 

 

 Table 3.2 Total number of Ow-nucleobase contacts and numbers of instances with Ow hydrogens 

involved in H-bonds with surrounding RNA, protein or water acceptor atoms. 

Base Number of Ow-

nucleobase 

contacts 

Ow H-bonding 

with 2 acceptor 

atoms  

Ow H-bonding to  2 

heteroatoms from 

RNA/protein 

Ow H-bonding to 1 

heteroatom from 

RNA/protein and 1 

from water 

Ow H-bonding to 2 

surrounding waters  

A 197 126 57 47 22 
U 295 156 64 68 24 
G 351 207 110 66 31 
C 165 98 42 48 8 
Tot (%) 1008 587 (58) 273 (27) 229 (23) 85 (8.4) 
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Figure 3.5 Schematic representation of possible LP-π contact with the interaction of the hydrogen 

atoms from the OW molecule with the acceptor aoms from the surrounding residues. The blue 

curve represents the nucleic acid/protein a. OW-nucleobase stacking contacts with the hydrogen 

atoms of the OW atom forming H-bonding interaction with the acceptor atoms from the nucleic 

acid/protein; b. OW forming H-bonding contact with one of the acceptor atoms from the solvent 

water molecule; c OW forming H-bonding contact with two acceptor atoms both from the solvent 

water molecule 

 

3.3 Energy Calculations 

Our statistical analysis clearly evidenced that a number of stacking contacts has been observed 

between water and the nucleobase moiety. Two possible scenarios have been considered: in the 

former, a LP−π contact between the oxygen atom of a water molecule and the nucleobases has 

been considered; in the second scenario, one of the hydrogen atoms from the water molecule is 

considered to be pointing towards the centroid of the nucleobases forming an OH-π kind of 

interaction. In addition to evaluate the strength of these contacts, the potential energy curve 

(PEC) is plotted versus the ring-water distance for all the four bases, as shown in Figure 3.6, with 
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distances varying from 2.4 to 8.0 Å. At each point in the PEC, the Ebind value corrected for the 

BSSE.48 

Next, a similar protocol was adopted to plot the potential energy curve for OW-nucleobase 

contacts, with now considering the OH-π kind of interaction in contrast to the LP-π interaction 

discussed in the above section. In this case, one of the hydrogen atoms of the water molecule is 

considered to be pointing towards the centroid of the nucleobase plane. The PEC of OH-π 

interactions for all the four nucleobases are shown in Figure 3.6. 

As for the reference systems, the binding energies between the water and 

benzene/hexafluorobenzene were also calculated at different distances varying from 2.4 to 8.0 

Å, considering both the LP–π and OH-π type of interactions, similarly to what described for the 

water-nucleobase contacts. The benzene and hexafluorobenzene systems seem to be an obvious 

choice, as these molecules have different polarities, with the benzene ring possessing electron 

rich π cloud, and the hexafluorobenzene, in contrast, consisting of electron deficient π cloud, 

which could interact differently with the different orientations of the water molecule. To have a 

clear idea of the effect of the energetics on these two systems, the PEC for the interaction 

between water and benzene and water and hexafluorobenze is described for both the LP–π and 

OH-π types of interactions in Figure 3.6, along with that of the nucleobases interacting with the 

water molecule. 

Looking at the PEC of the reference benzene and hexafluorobenzene, that forms the two extreme 

instances, it seems evident that benzene favors the OH- interaction with the water molecule, 

and totally opposing the LP- interaction, at each point on the PEC. This analysis is in line with 
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the previous analysis conducted by Hobza and coworkers.49 The repulsive interaction between 

the OW and the C6H6 could be a resultant of the negative potential of  electron cloud in the 

aromatic ring. In contrast, for the hexafluorobenzene, the LP- interaction seems more favorable 

because of the positive potential in the ring, as all the electron density is being shifted out of the 

ring towards the Fluorine atoms, and it opposes OH- kind of contact. 

 

 

 

Figure 3.6 Potential Energy Curves for all the nucleobases (A, U, G, C), benzene and 

hexafluorobenzene, with water oriented to give rise to LP- (left) and OH- (right) contacts. Here, 

the distance, on the x-axis, varies from 2.4 Å to 8.0 Å, and the y-axis shows the interaction energy 

in kcal/mol. 
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Next, it seems evident from the PEC that for the nucleobases energies lies in between these two 

extreme cases, with a clear preference of OH- being more stable for A, G and C, with the optimal 

distance for the OH- interaction to be around 3.5 Å. In contrast, it is interesting to remark that 

for the case of uracil, LP- interaction seems to be more favorable with the optimal distance 

falling in the range 3.1 Å. This strike contrast can be attributed to the slight positive potential 

around the C2 atom of the uracil clearly favoring the LP-π contacts for the uracil-water stacking 

contacts.    

 

 

Figure 3.7 Electrostatic potential of nucleobases, water, benzene and hexafluorobenzene. 

Electrostatic potentials were mapped on electron density isosurfaces corresponding to a value of 

0.0004 atomic units, and are scaled between –30 and 30 kcal/mol. 

 

To clarify the physico-chemical nature of the stacking contacts between the water and 

nucleobase, we kept in mind to the benchmark calculations performed by Hobza and Ran to 

clarify the nature of the bonding in LP–π  complexes of water and dimethylether with benzene 

and 1,2,4,5- tetracyanobenzene.49 From their studies, it is evident that: (i) the T-shaped 
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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. Yet, the substantial 

part of the stabilization stems from dispersion 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–π interactions. In these cases electrostatic interaction 

contributes significantly to the stabilization energy, with dispersion energy contributing less 

relevantly. Keeping this in mind, we performed a series of test calculations using model 

geometries with the OW atom pointing towards the centroid of the purine (A and G) and 

pyrimidine ring (C and U) freezing a distance from the Ow atom to the centroid to be 3.0 Å forming 

a LP-π contact. In the next case, one of the hydrogen atoms from the OW atom is considered to 

be projecting towards the centroid of the nucleobase ring with a distance of 3.5 Å giving rise to 

OH-π kind of interaction.   We calculated the standard DLPNO/CBS energies for both the LP-π and 

OH-π contacts as reported in Table 3.3. It is evident from the energy values that at the DLPNO 

level there is substantial stabilization within -2.91 kcal/mol for all complexes, except for water–

benzene, assuming a repulsive interaction, and with a destabilization energy of 0.91 kcal/mol. 

These results are remarkably different when the simple PBE0 functional is used, with repulsive 

interaction between the water and purine (A and G) and clearly weaker interaction compared to 

the energies calculated at DLPNO in all the other cases. Considering that the PBE0 functional is 

not capable to account for dispersion interaction, the PBE0 interaction energies can be 
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considered a good estimate of the electrostatic interaction energy between the OW and the 

aromatic ring. In line with previous discussion on the electrostatic potential of the different 

systems,49 electrostatic  interaction between the OW and benzene is repulsive, due to the 

negative electrostatic potential around the O atom of the water and at the center of the benzene 

ring, it is weakly attractive between the OW and the nucleobases, due to the slightly positive 

electrostatic potential above the heterocycle ring of nucleobases, see Figure 3.6, and it is clearly 

attractive between the OW and hexafluorobenzene, due to the clearly positive electrostatic 

potential at the center of the hexafluorobenzene ring. Next, adding a dispersion term to the PBE0 

functional, which is considering the PBE0-D3 functional, results in a remarkable agreement 

between the DLPNO and the PBE0-D3 values, highlighting the stabilizing contribution of 

dispersion in all cases. Comparison of the PBE0 and PBE0-D3 values indicates that the interaction 

of OW of water and nucleobases stems mainly from the dispersion, with the electrostatics playing 

a minor role in stabilization of such complexes.  

Next, moving on to the OH-π interaction, of the water-nucleobase stacking contacts, in which 

one of the hydrogen atoms from the water molecule is considered to be pointing towards the 

aromatic rings, it seems evident from the interaction energy calculations calculated at DLPNO 

level that the interaction to be attractive for all the studied cases with energy within -3.11 

kcal/mol, with the strongest interaction calculated for the OH-C6H6 system, and weakly attractive 

in case of C6F6 system, and with a slight stabilization energy of -0.49 kcal/mol. Calculating the 

energies at PBE0 level, that gives an estimation of electrostatic attraction between the moieties, 

indicates a weak stabilization of the studied complexes, and with a repulsive interaction of OH of 
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water and C6F6 and uracil system. Finally, adding the dispersion term to PBE0 functional, which 

is considering the PBE0-D3 functional, the calculated energetics seems comparable to the 

calculated DLPNO values, clearly indicating that nature of OH-π interaction for all the studied 

complexes originating from both the electrostatics and as well as the contribution from the 

dispersion term.   

Table 3.3 Table for Energy values for DLPNO, PBE0 and PBEO-D3 for A, U, G, C, C6H6 and C6F6 for 

OW-nucleobase distance being 3.0 Å for LP-, and 3.5 Å for OH- water-nucleobase stacking 

contacts. 

Energy(kcal/mol) A G C U C6H6 C6F6 

LP- 

E(DLPNO) -1.40 -1.56 1.64 -2.36 0.91 -2.91 

E(PBE0) 0.53 0.44 -0.02 -1.04 2.79 -1.80 

E(PBE0-D3) -1.03 -1.24 -1.48 -2.48 1.43 -3.21 

OH- 

E(DLPNO) -2.30 -1.79 -2.79 -0.40 -3.11 -0.49 

E(PBE0) -1.03 -0.36 -1.74 0.94 -2.07 1.01 

E(PBE0-D3) -2.64 -1.98 -3.31 -0.61 -3.52 -0.49 

 

 

Table 3.4 The table shows the Potential Energy values (in kcal/mol) for both the LP- and OH- 

geometries of the water-adenine contacts. The distance column defines the vertical distance 

between the ring centroid and the position of O atom of the water molecule, and it ranges from 

2.0 Å to 6.0 Å with 0.1 Å increments, and 6.0 Å to 8.0 Å with 1.0 Å increments. Binding energies 

were computed at the DLPNO/CBS level of theory by 2-point extrapolation scheme using aug-cc-
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pVTZ and aug-cc-pVQZ basis sets. The columns show the aug-cc-pVTZ, aug-cc-pVQZ and CBS 

energy values for each of the cases. 

 

LP- OH- 

Distance (Å) aug-cc-pvTZ aug-cc-pvQZ CBS aug-cc-pvTZ aug-cc-pvQZ CBS 

2.4 6.429 5.364 4.688 23.849 22.419 21.443 

2.5 3.814 2.845 2.227 15.852 14.695 13.901 
2.6 1.984 1.191 0.690 10.035 9.106 8.462 

2.7 0.839 0.077 -0.409 5.915 5.067 4.471 

2.8 0.095 -0.556 -0.967 3.103 2.351 1.817 

2.9 -0.362 -0.919 -1.266 1.177 0.498 0.012 

3.0 -0.573 -1.082 -1.398 -0.129 -0.667 -1.050 

3.1 -0.660 -1.118 -1.398 -0.953 -1.393 -1.705 
3.2 -0.680 -1.081 -1.322 -1.480 -1.865 -2.138 

3.3 -0.650 -1.000 -1.206 -1.746 -2.104 -2.357 

3.4 -0.582 -0.870 -1.033 -1.860 -2.148 -2.351 

3.5 -0.506 -0.763 -0.905 -1.877 -2.125 -2.302 

3.6 -0.399 -0.650 -0.791 -1.836 -2.042 -2.190 

3.7 -0.321 -0.534 -0.648 -1.724 -1.941 -2.101 
3.8 -0.246 -0.440 -0.543 -1.616 -1.745 -1.843 

3.9 -0.180 -0.352 -0.443 -1.516 -1.622 -1.706 

4.0 -0.117 -0.227 -0.274 -1.380 -1.499 -1.595 

4.1 -0.065 -0.200 -0.267 -1.273 -1.377 -1.463 

4.2 -0.020 -0.247 -0.608 -1.167 -1.260 -1.338 

4.3 0.021 -0.092 -0.150 -1.074 -1.167 -1.247 
4.4 0.053 -0.045 -0.093 -0.973 -1.052 -1.122 

4.5 0.079 0.005 -0.028 -0.893 -0.982 -1.058 

4.6 0.099 0.037 0.011 -0.820 -0.894 -0.959 

4.7 0.110 0.062 0.044 -0.753 -0.819 -0.878 

4.8 0.128 0.084 0.067 -0.691 -0.758 -0.815 

4.9 0.139 0.096 0.078 -0.635 -0.699 -0.753 

5.0 0.147 0.111 0.096 -0.583 -0.646 -0.698 

5.1 0.154 0.121 0.108 -0.536 -0.572 -0.605 

5.2 0.156 0.130 0.122 -0.494 -0.531 -0.563 

5.3 0.161 0.121 0.100 -0.467 -0.516 -0.556 

5.4 0.155 0.158 0.168 -0.423 -0.480 -0.526 

5.5 0.164 0.176 0.194 -0.403 -0.451 -0.490 

5.6 0.158 0.130 0.117 -0.372 -0.423 -0.465 

5.7 0.163 0.146 0.141 -0.338 -0.361 -0.381 

5.8 0.163 0.147 0.142 -0.310 -0.347 -0.377 

5.9 0.160 0.179 0.198 -0.295 -0.316 -0.334 

6.0 0.160 0.145 0.140 -0.276 -0.295 -0.311 

7.0 0.126 0.105 0.094 -0.148 -0.187 -0.215 

8.0 0.095 0.049 0.017 -0.082 -0.089 -0.094 
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Table 3.5 The table shows the Potential Energy values (in kcal/mol) for both the LP- and OH- 

geometries of the water-uracil interactions. Further details are given in the description of Table 

3.4 

LP- OH- 

Distance (Å) aug-cc-pvTZ aug-cc-pvQZ CBS aug-cc-pvTZ aug-cc-pvQZ CBS 

2.4 3.031 2.133 1.475 20.149 19.148 18.400 
2.5 1.119 0.392 -0.148 14.338 13.471 12.822 

2.6 -0.133 -0.781 -1.267 9.999 9.264 8.714 

2.7 -0.933 -1.476 -1.884 6.867 6.162 5.640 

2.8 -1.415 -1.879 -2.228 4.619 4.026 3.593 

2.9 -1.652 -2.075 -2.391 2.989 2.470 2.095 

3.0 -1.747 -2.098 -2.359 1.784 1.379 1.090 
3.1 -1.735 -2.064 -2.304 1.027 0.651 0.383 

3.2 -1.667 -1.944 -2.144 0.525 0.184 -0.059 

3.3 -1.571 -1.820 -1.996 0.235 -0.072 -0.292 

3.4 -1.444 -1.664 -1.817 0.058 -0.193 -0.375 

3.5 -1.319 -1.506 -1.633 -0.022 -0.239 -0.398 

3.6 -1.191 -1.362 -1.476 -0.075 -0.221 -0.330 

3.7 -1.090 -1.237 -1.332 -0.079 -0.212 -0.314 

3.8 -0.989 -1.118 -1.199 -0.066 -0.170 -0.251 

3.9 -0.895 -1.009 -1.079 -0.049 -0.127 -0.190 

4.0 -0.813 -0.904 -0.958 -0.004 -0.075 -0.134 

4.1 -0.731 -0.817 -0.869 0.039 -0.015 -0.063 
4.2 -0.660 -0.739 -0.785 0.059 0.036 0.010 

4.3 -0.599 -0.665 -0.703 0.083 0.065 0.043 

4.4 -0.542 -0.600 -0.633 0.111 0.105 0.092 

4.5 -0.491 -0.542 -0.571 0.133 0.124 0.110 

4.6 -0.446 -0.491 -0.516 0.151 0.149 0.140 

4.7 -0.406 -0.447 -0.469 0.161 0.156 0.147 

4.8 -0.367 -0.401 -0.420 0.182 0.172 0.159 

4.9 -0.334 -0.372 -0.393 0.192 0.183 0.172 

5.0 -0.307 -0.340 -0.358 0.196 0.190 0.181 

5.1 -0.284 -0.313 -0.329 0.202 0.176 0.152 

5.2 -0.262 -0.287 -0.301 0.204 0.200 0.194 

5.3 -0.242 -0.262 -0.272 0.212 0.185 0.162 
5.4 -0.221 -0.241 -0.251 0.213 0.184 0.160 

5.5 -0.205 -0.223 -0.234 0.212 0.189 0.169 

5.6 -0.189 -0.206 -0.214 0.209 0.202 0.195 

5.7 -0.176 -0.192 -0.200 0.200 0.200 0.199 

5.8 -0.164 -0.175 -0.181 0.196 0.197 0.195 

5.9 -0.151 -0.163 -0.169 0.190 0.195 0.196 
6.0 -0.144 -0.155 -0.161 0.187 0.191 0.193 

7.0 -0.071 -0.080 -0.085 0.146 0.150 0.152 

8.0 -0.043 -0.045 -0.045 0.106 0.109 0.110 
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Table 3.6 The table shows the Potential Energy values (in kcal/mol) for both the LP- and OH- 

geometries of the water-guanine interactions. Further details are given in the description of Table 

3.4 

LP- OH- 

Distance (Å) aug-cc-pvTZ aug-cc-pvQZ CBS aug-cc-pvTZ aug-cc-pvQZ CBS 

2.4 6.548 5.346 4.562 23.288 21.922 20.978 
2.5 3.910 2.819 2.105 15.522 14.327 13.495 

2.6 2.062 1.110 0.488 9.908 8.889 8.174 

2.7 0.830 0.005 -0.530 5.944 5.047 4.411 

2.8 0.066 -0.615 -1.051 3.250 2.456 1.890 

2.9 -0.413 -1.028 -1.420 1.398 0.768 0.320 

3.0 -0.659 -1.212 -1.561 0.197 -0.387 -0.802 
3.1 -0.767 -1.264 -1.575 -0.595 -1.078 -1.418 

3.2 -0.786 -1.208 -1.466 -1.034 -1.459 -1.756 

3.3 -0.775 -1.117 -1.317 -1.280 -1.604 -1.826 

3.4 -0.719 -1.032 -1.213 -1.366 -1.668 -1.876 

3.5 -0.641 -0.930 -1.096 -1.368 -1.619 -1.791 

3.6 -0.578 -0.823 -0.958 -1.300 -1.515 -1.663 

3.7 -0.485 -0.672 -0.766 -1.212 -1.370 -1.480 

3.8 -0.412 -0.607 -0.710 -1.093 -1.242 -1.348 

3.9 -0.345 -0.519 -0.608 -0.985 -1.108 -1.198 

4.0 -0.270 -0.439 -0.528 -0.862 -0.965 -1.043 

4.1 -0.207 -0.369 -0.455 -0.766 -0.850 -0.915 
4.2 -0.160 -0.307 -0.384 -0.666 -0.740 -0.801 

4.3 -0.132 -0.254 -0.315 -0.579 -0.641 -0.693 

4.4 -0.084 -0.207 -0.271 -0.483 -0.551 -0.609 

4.5 -0.055 -0.167 -0.226 -0.411 -0.465 -0.512 

4.6 -0.024 -0.132 -0.191 -0.351 -0.401 -0.445 

4.7 -0.005 -0.103 -0.156 -0.294 -0.340 -0.380 

4.8 0.001 -0.078 -0.119 -0.246 -0.288 -0.326 

4.9 0.031 -0.056 -0.105 -0.200 -0.243 -0.279 

5.0 0.041 -0.039 -0.083 -0.160 -0.204 -0.241 

5.1 0.051 -0.024 -0.066 -0.128 -0.168 -0.202 

5.2 0.047 -0.013 -0.044 -0.099 -0.137 -0.169 

5.3 0.064 -0.002 -0.040 -0.073 -0.123 -0.162 
5.4 0.069 0.006 -0.030 -0.051 -0.099 -0.137 

5.5 0.075 0.013 -0.022 -0.031 -0.077 -0.113 

5.6 0.078 0.017 -0.018 -0.022 -0.059 -0.088 

5.7 0.075 0.008 -0.032 0.002 -0.043 -0.078 

5.8 0.077 0.043 0.026 0.015 -0.029 -0.062 

5.9 0.077 0.044 0.028 0.027 -0.016 -0.050 
6.0 0.078 0.046 0.030 0.039 -0.006 -0.039 

7.0 0.073 0.074 0.079 0.096 0.050 0.017 

8.0 0.050 0.034 0.024 0.092 0.060 0.037 
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Table 3.7 The table shows the Potential Energy values (in kcal/mol) for both the LP- and OH- 

geometries of the water-cytosine interactions. Further details are given in the description of 

Table 3.4 

LP- OH- 

Distance (Å) aug-cc-pvTZ aug-cc-pvQZ CBS aug-cc-pvTZ aug-cc-pvQZ CBS 

2.4 4.376 3.323 2.602 16.350 15.209 14.350 
2.5 2.348 1.465 0.859 10.620 9.702 9.006 

2.6 0.943 0.219 -0.276 6.419 5.619 5.012 

2.7 0.080 -0.585 -1.039 3.407 2.668 2.111 

2.8 -0.442 -1.021 -1.414 1.320 0.644 0.139 

2.9 -0.732 -1.263 -1.621 -0.174 -0.752 -1.181 

3.0 -0.883 -1.337 -1.639 -1.158 -1.663 -2.035 
3.1 -0.921 -1.300 -1.546 -1.812 -2.237 -2.550 

3.2 -0.884 -1.232 -1.454 -2.216 -2.574 -2.838 

3.3 -0.826 -1.133 -1.326 -2.394 -2.724 -2.969 

3.4 -0.739 -1.012 -1.180 -2.417 -2.743 -2.987 

3.5 -0.649 -0.886 -1.028 -2.411 -2.624 -2.788 

3.6 -0.564 -0.768 -0.888 -2.343 -2.517 -2.655 

3.7 -0.488 -0.667 -0.770 -2.241 -2.386 -2.505 

3.8 -0.418 -0.579 -0.670 -2.128 -2.256 -2.364 

3.9 -0.353 -0.493 -0.570 -2.002 -2.110 -2.204 

4.0 -0.297 -0.420 -0.488 -1.867 -1.958 -2.039 

4.1 -0.247 -0.353 -0.410 -1.741 -1.826 -1.903 
4.2 -0.205 -0.294 -0.340 -1.631 -1.694 -1.755 

4.3 -0.165 -0.244 -0.285 -1.527 -1.580 -1.633 

4.4 -0.131 -0.201 -0.237 -1.427 -1.477 -1.526 

4.5 -0.099 -0.163 -0.196 -1.328 -1.373 -1.419 

4.6 -0.075 -0.131 -0.160 -1.241 -1.284 -1.326 

4.7 -0.055 -0.106 -0.133 -1.165 -1.196 -1.231 

4.8 -0.038 -0.079 -0.100 -1.085 -1.120 -1.155 

4.9 -0.023 -0.062 -0.082 -1.021 -1.041 -1.065 

5.0 -0.012 -0.047 -0.067 -0.954 -0.980 -1.008 

5.1 -0.002 -0.033 -0.049 -0.896 -0.917 -0.940 

5.2 0.006 -0.023 -0.039 -0.844 -0.866 -0.889 

5.3 0.013 -0.012 -0.026 -0.796 -0.815 -0.836 
5.4 0.020 -0.002 -0.013 -0.749 -0.767 -0.785 

5.5 0.023 0.001 -0.010 -0.706 -0.724 -0.743 

5.6 0.028 0.009 -0.001 -0.669 -0.682 -0.698 

5.7 0.030 0.014 0.006 -0.632 -0.646 -0.661 

5.8 0.030 0.014 0.007 -0.599 -0.613 -0.627 

5.9 0.031 0.016 0.009 -0.568 -0.582 -0.597 
6.0 0.035 0.020 0.012 -0.538 -0.552 -0.567 

7.0 0.032 0.026 0.024 -0.335 -0.342 -0.350 

8.0 0.024 0.022 0.021 -0.222 -0.229 -0.236 
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3.4 Conclusions 
 

Using structural bioinformatics and quantum mechanics approaches we thoroughly analyzed 

water-nucleobase stacking contacts in RNA. Analysis of a non-redundant dataset of RNA 

experimental structures allowed us to identify a total of 1008 instances of water-nucleobase 

stacking contacts in 293 PDB structures. The water-nucleobase stacking contacts have been 

observed for all the four bases A, U, G and C, with the majority being contributed by uracil and 

guanine, covering up to almost 64% of the total contacts. The distance distribution of OW atom 

from the ring plane appears maximum around 3.5 Å for A, G and C nucleobases, while it reaches 

its maximum at 3.1-3.2 Å for U. Our QM analysis of the modeled water-nucleobase contacts 

clearly indicates the energetic preference of OH-π contacts as compared to LP-π for A, G and C, 

while for U the LP- contact seems to be more favorable. The binding energies of the modeled 

water-nucleobase contacts fall within the range of -2 to -3 kcal/mol. Furthermore, our energetic 

analysis indicates that both the studied LP- and OH- contacts are dispersion dominated. The 

energies for the OH- and LP- contacts are comparable to the strength of a H-bond between 

two water molecules, calculated at the same level of theory, which is roughly -3.5 kcal/mol. From 

our analysis, it thus appears evident that the stacking contacts of water with the nucleobases can 

contribute to the stability of RNA structures, which is also in agreement with them being 

considerably recurrent in different functional RNA molecules.  
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