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Graphical abstract 

 

 

 

 

 

 

Conformational flexibility and energetic stability of nucleotides are tightly interconnected: more 

energetically stable conformers are characterized by higher values of relaxed force constants (RFC) for 

the δ torsion angle. 
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Abstract 

The influence of various sugar-residue modifications on intrinsic energetic, conformational, and 

mechanical properties of 2´-deoxyribonucleotide-5´-monophosphates (dNs) was comprehensively 

investigated using modern quantum chemical approaches. In total, fourteen sugar modifications, including 

double bonds and heteroatoms (S, N) inside the sugar ring, as well as fluorination in various positions, 

were analyzed. Among hundreds of possible conformational states of dNs, only two - AI and BI, 

corresponding to the most biologically significant forms of a double-helical DNA, were considered for 

each dN. It was established that the most of the studied modifications tend to strongly stabilize either AI 

or BI conformation of dNs both in the gas phase and in aqueous solution (modeled by implicit solvent 

models). Therefore, some of these modifications can be used as a tool for reducing structural 

polymorphism of nucleic acids in solution as well as for designing oligonucleotides with specific 

structural features. The evaluation of relaxed force constants (RFC) for glycosidic bonds suggests that the 

majority of the studied modifications of the sugar residue yield increased strengths of glycosidic bonds in 

dNs, and can therefore be used for designing modified nucleic acids with an increased resistance to abasic 

lesions. The most significant reinforcement of the glycosidic bond occurs in dNs containing the CF2 

group instead of the O4' oxygen and the fluorine atom at the 2'-α-position. The calculation of the RFC and 

vibrational root-mean-square (VRMS) deviations for conformational degrees of freedom revealed a 

strong dependence between mechanical properties of dNs and their energetic characteristics. In particular, 

electronic energies of AI and BI conformers of dNs calculated in vacuo are closely connected with the 

values of relaxed force constants (RFC) for the δ angle: the higher RFC (δ) values correspond to more 

energetically favorable conformers. 
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1 INTRODUCTION 

 

Nucleic acids are key molecules in biology playing a variety of biological roles in coding, 

decoding, regulation, and expression of genes.1 The diversity of biological functions performed by nucleic 

acids requires a high degree of their structural adaptability. In particular, the DNA molecule is able to 

adopt different double-helical (A, B, Z) forms as well as various triple-stranded and quadruhelical 

structural variants.2,3 Due to this fact, DNA is commonly believed to be a flexible molecule. Its flexibility 

is apparent, for instance, in sequence-dependent structural variations,4 the wrapping around the histone 

core,5 the formation of tri- and tetra-loop hairpins,6 bending and kinking of DNA upon binding to a 

variety of proteins,7 and DNA deformation upon drug binding.8  

The DNA conformational heterogeneity and flexibility are directly connected to its mechanical 

properties, i.e. ability to be bent or stretched upon external deformations. The investigation of the DNA 

mechanical properties and deformability can trail a way to understanding its compaction in the limited 

space of cells and viruses.9 The DNA compaction process was first associated with some disruption of the 

base-pair stacking which gives rise to formation of free hinges or ‘kinks’.10 However, later it was 

suggested11 that strong bends in the double-helical DNA may occur without de-stacking via low-energy 

fluctuations of the bond and torsion angles. In recent decades, several models describing the DNA 

mechanical properties on the large scale and their dependence on the molecule length and base sequence 

were developed (see, e.g. refs. 12, 13 and refs. therein). These models provided useful insights into our 

understanding of the DNA flexibility and characterized the main bending and stretching modes. However, 

the prediction of mechanical properties of the whole DNA molecule on different length scales has not 

been achieved because its mechanics is governed by various entropic macroscopic factors. To gain a 

firmer understanding of the DNA structural adaptability and strengthen the predictive potential of its 

behavior on the larger scale, the mechanical properties of its building blocks – nucleotides should be 

studied.  

The first step toward understanding the DNA mechanical properties at the intermediate scale, i.e. 

at the level of nucleic acid constituents – nucleosides, was done in the work by Nikolaienko et al.14 This 

study was based on the relaxed force constants (RFC) (somewhat similar to adiabatic force constants15) 

and vibrational-root-mean-square (VRMS) formalisms for nucleic acids, which were developed for the 

first time in the preceding work.16 In contrast to traditional or rigid force constants, the RFC are 

characterized by a unique value corresponding to each structural parameter (bond length, valence angle, 

and dihedral angle). Moreover, the RFC are applicable to such 'collective' conformational parameters as 

sugar pseudorotation angle17 determined by positions of more than four atoms. The VMRS deviation is 

another useful characteristic that describes fluctuation 'noise' of conformational parameters caused by 
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molecules' nuclei thermal and zero-point vibrations. It was shown14 that in canonical nucleosides the β 

torsional angle and the sugar pseudorotational phase P are rather soft conformational parameters 

characterized by smaller values of RFC whereas the γ angle is rather rigid. The investigation of VRMS 

deviations16 provides evidence that quantum zero-point motion of nuclei makes a perceptible contribution 

to fluctuation of torsion angles in nucleosides due to the presence of the low-frequency vibrations. At 

temperature of 298 K, the magnitude of these fluctuations becomes comparable with the half-width of 

classical gauche+, gauche-, and trans conformational sectors (30°) and can increase even more at higher 

temperatures. However, the presence of phosphate group in DNA can have an important influence on the 

rigidity and deviation of individual torsion angles.18 Therefore, for predicting and understanding some 

DNA properties on the macro scale, the monomeric units with a phosphate group – nucleotides, should be 

studied.  

In recent decades a great deal of effort has been devoted to development and investigation of 

chemically modified nucleosides and nucleotides that could be used as alternative nucleic acid building 

blocks.19,20 These modified biomolecules can serve as efficient tools for studying the evolution and 

function of living organisms. For instance, Kool and co-workers have developed size-expanded DNA 

(including ‘extended’ DNA and ‘wide’ DNA abbreviated and xDNA and yDNA, respectively) by adding 

a benzene ring to the canonical nucleobases (A, T, C, G) in 2'-deoxyribonucleosides.21-23 Natural DNA, 

which is 20 Å wide, and benzene, with a girth of 2.4 Å, produced a wholly new wider double helix.21 It 

was proposed24 that the xDNA and yDNA systems may have most of features of natural DNA, which 

suggests the future possibility of a functioning, replicable genetic system using size-expanded DNA as the 

genetic material. Computational studies on xDNA and yDNA nucleotides/nucleosides provided useful 

information about their hydrogen-bonding and stacking abilities25 and energetics of rotation about the 

glycosidic bond,26 explained the origins of their optical absorption spectra,27 analyzed the local 

aromaticity of extended bases,28 and cast some light on possibility of further extension of purine and 

pyrimidine rings.29,30 In addition to xDNA and yDNA, other alternative genetic platforms including, 

among others, locked nucleic acids (LNA),31 peptide nucleic acids (PNA),32 and threose nucleic acids 

(TNA)33 were proposed and investigated using both experimental34-36 and computational37-45 approaches. 

In addition to their role in investigating the origins of life, modified nucleotides and oligonucleotides have 

various applications in bio- and nanotechnology,46 molecular medicine,20 and diagnostics.47 In particular, 

fluorinated nucleotides have been used in designing the nucleic acid aptamers,48 antisense agents,49 anti-

micro RNA oligomers50 as well as powerful tools for modulating the conformational preferences of 

nucleic acids.51 Moreover, 2'-fluoro-substituted nucleic acids are known to induce RNA interference52 and 

therefore, can be used to control the expression of fundamentally interesting or therapeutically relevant 

genes.  
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In this work we apply modern methods of quantum chemistry to analyze intrinsic structural, 

energetic, and mechanical properties of the DNA building blocks - 2'-deoxyribonucleotide-5'-

monophosphates (dNs). In addition to canonical nucleotides, we performed a comprehensive investigation 

of dNs units with fourteen types of the sugar residue modifications, including double bonds and 

heteroatoms (N and S) within the deoxyribose ring, extra bridge connecting O2' and C4´ atoms that 'locks' 

the ribose in the North (C3'-endo) conformation (so-called locked nucleic acids or LNA),53 and 

fluorination in various positions (e.g., replacement of O4' atom by CF2 group).  These sugar modifications 

were shown to be useful, e.g., in design and investigation of drugs based on nucleoside and nucleotide 

analogues,54-57 nucleic acid aptamers,58 and artificial DNA structures with improved emergent 

properties59-63 such as an ability to adopt some particular conformation, reduced structural polymorphism, 

higher stability coming from non-covalent interactions. We aimed to answer the following questions: i) 

To what extent the flexibility of individual conformational degrees of freedom determines the mechanical 

properties of canonical dNs and their energetic preferences; ii) How various modifications within the 

deoxyribose ring affect the strengths of glycosidic bonds and the rigidity of the main conformational 

parameters. Since dNs are able to adopt multiple (hundreds) conformations,64-67 we analyzed only two 

conformers of each nucleotide  - AI and BI corresponding to well-known forms of double-helical DNA.1 

The A and B forms are considered to be the most biologically significant conformations of the double-

helical DNA. Whereas the B form prevails under physiological conditions68 and participates in most of 

biochemical processes in vivo due to its extensive structural heterogeneity,69 the A-DNA is known to be 

more conformationally homogenous,70 which points to its role in preserving the genetic material. For 

instance, in active sites of DNA polymerases DNA is known to adopt A form to improve accuracy of 

DNA biosynthesis.71 

The results of this work are expected to contribute to understanding the intrinsic energetic, 

conformational, and mechanical features of DNA building blocks and explanation of properties of 

modified nucleic acid structures containing these blocks.   

 

2 COMPUTATIONAL METHODOLOGY 

2.1 Studied systems. The molecular models investigated in this work were 2´-deoxyribonucleotide-5´-

monophosphates (dNs, Fig. 1). The negative net charges on the phosphate groups were neutralized by Na+ 

ions. The hydrogen atom in the terminal 5´-OH hydroxyl group was replaced by the methyl moiety. The 

base units in dNs (Fig. 1) were adenine (A), thymine (T), guanine (G), and cytosine (C). Since dNs 

molecules are characterized by extremely high conformational flexibility resulting in hundreds of local 

minima on their potential energy surfaces,64-67 we restricted conformational search to two conformers – 

AI and BI corresponding to the most biologically significant structural variants of a double-helical DNA. 
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In AI- and BI-form-like conformers of dNs, the conformational angles should fall into ranges which are 

typical for AI and BI forms of DNA. In particular, AI conformers should satisfy the following 

requirements:  P 17 (Fig. S1 in ESI) ∈  C3´-endo, α ∈  gauche-, β∈ trans, γ ∈  gauche+, ε ∈  trans, χ ∈  anti, 

whereas the corresponding ranges for BI-form DNA-like conformers were: P∈  C2´-endo, α ∈  gauche-, 

β∈ trans, γ ∈  gauche+, ε ∈  trans, χ ∈  anti. For definition of torsion angles (α, β, γ, ε, and χ), see Fig. 1.  

 

 

Fig. 1. The deoxyribose modifications studied in this work. The modifications are divided into 

the following groups: Unsaturated – UNS (modifications from 1 to 6), Locked – LOC (7), 

Heterocyclic – HET (8 and 9), Fluorinated – FLR (from 10 to 14). The canonical (natural) 

nucleotides – CAN were also analyzed and served as reference systems to investigate the effects 

of each modification. The designation of torsion angles correspond to a standard nucleic acid 

nomenclature.1 

 

Besides canonical (Can) nucleotides, dNs incorporating fourteen types of the sugar modifications 

were investigated. These modifications were classified according to their chemical nature (Fig. 1): 

unsaturated (UNS) dNs containing a double bond inside the sugar ring (modifications 1-5) or an exocyclic 

double bond (modification 6), locked (LOC), 53 heterocyclic (HET), and fluorinated (FLR) dNs. Overall, 

the starting structures for geometry optimizations were formed taking into account all possible 
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combinations of the fifteen types of the sugar residue (Fig. 1) and four nucleobases (A = adenine, G = 

guanine, T = thymine and C = cytosine) as well as two conformational states (AI and BI). 

  

2.2 Calculation methods. A conformational analysis of dNs was performed by density functional theory 

(DFT) calculations using the B3LYP72,73 nonlocal hybrid exchange-correlation functional in combination 

with the recent D3 empirical dispersion correction74 and the 6-311++G(d,p) basis set. In the course of 

geometry optimizations the tight convergence criteria and ultrafine integration grid options were applied. 

Vibrational spectra have been calculated at the same level of theory using standard harmonic 

approximation. The absence of imaginary frequencies in each case confirmed that all optimized structures 

correspond to local minima on potential energy surface (PES). The starting geometries of canonical dNs 

and some fluorinated dNs (modifications 10, 11, 12 and 13) were taken from our previous work75 and re-

optimized using the above-mentioned options. The geometry optimization was performed in vacuo since 

we are focusing mainly on intrinsic conformational and energetic properties of dNs. The knowledge of 

intrinsic features of nucleic acid building blocks serves as an important step towards understanding their 

behavior in different environments (from aqueous solution to active sites of enzymes which are 

characterized by low dielectric response76). All the calculations have been done by means of the Gaussian 

09 suite of programs.77 For dNs which are able to adopt both AI and BI conformers, the relative electronic 

(∆E) and vibration-corrected energies (∆G, denoted as Gibbs energies in Gaussian 09 package) of these 

conformers were calculated. The ∆G values were sums of electronic energies and the zero-point energies, 

thermal corrections, and entropy contributions calculated at the B3LYP-D3/6-311++G(d,p) level of 

theory. 

To take into account a portion of possible environmental effects, the relative electronic energies (∆E) of 

AI and BI conformers were also estimated in water by means of Conductor-like Polarizable Continuum 

model (CPCM)78 as implemented in the Gaussian 09 package.77 For this purpose, CPCM DFT B3LYP/6-

311++G(d,p) single-point calculations were performed for geometries optimized in vacuo. In earlier work 

by Bulavin, Hovorun, and Nikolaienko,64 the conformational parameters of the most energetically 

favorable conformers of each of four canonical dNs (with A, T, C, and G) optimized both in the gas phase 

(at the B3LYP/6-31G(d,p) level of theory) and in aqueous solution (at the same level of theory using 

IEFPCM model for water with ε = 78.4 as implemented79 in Gaussian 09 package) were compared. The 

comparison revealed no significant differences in values of individual conformational parameters in both 

environments (see Fig. S2 in ESI). 

 

2.3 Estimation of relaxed force constants (RFCs) for glycosidic C-N bonds. The stability of glycosidic 

bond is one of the essential characteristics of modified DNA systems, determining their resistance to 
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abasic lesions,80 i.e., formation of apurinic/apyrimidinic sites. The formation of abasic sites can 

significantly alter the DNA structure (e.g., changing the G-quadruplex topology81) or generate the DNA-

strand breaks.82 Grunenberg and co-workers suggested83 that compliance constants can be considered as 

relevant descriptors of intrinsic strengths of covalent and non-covalent84 bonds due to their independence 

on the masses of vibrating atoms and the coordinate selection. Moreover, compliance constants allow a 

direct determination of strengths of covalent and non-covalent bonds without any reference to other states 

which can be defined arbitrarily and therefore influence the results.83 The compliance constants represent 

second derivatives of the potential energy due to an external force: 

ji

ij
ff

E
C

∂∂

∂
=

2

                                                           (1) 

 

The glycosidic (C-N) bond lengths were used as internal coordinates for the calculation of Cij. The 

compliance constants measure the displacement of an internal coordinate resulting from a unit force 

acting on it and can, therefore, be considered as descriptors of intrinsic bond strength. The calculation of 

compliance constants was performed in Compliance 3.0.2 program.83,85 Relaxed force constants (RFC) for 

glycosidic bonds are inverse values of compliance constants calculated by equation (1). For convenience, 

in the further discussion we will use RFC (in N/m) instead of compliance constants Cij. 

 

2.4 RFCs and vibrational root-mean-square (VRMS) deviations for conformational parameters. For 

evaluation of flexibility of conformational parameters, we resort to methodology developed by 

Nikolaienko and co-workers.16 This methodology was earlier applied to analyze mechanical properties of 

deoxyribose moiety and canonical nucleosides.14 Although Compliance 3.0.2 program83,85 is also able to 

calculate RFCs for angles by means of Grunenberg’s method83, this feature is considered by its 

developers as highly experimental and has not been properly tested yet. In contrast, the methodology of 

Nikolaienko et al16 has been tested14,16 for a representative set of DNA-related molecules. Moreover, this 

approach14 makes possible the evaluation of RFCs not only for torsion angles, but also for more complex 

conformational parameters, such as phase pseudorotation angle P,18 depending on coordinates of more 

than four atoms. The P angle is a crucial conformational characteristic used to distinguish between AI and 

BI conformations of dNs.  

In general, RFC for a conformational parameter τ being a known function f(RA, RB, RC, ...) of nuclei 

Cartesian coordinates in defined as:14,86 
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min

2

2

=∆










∂

∆∂
=

E

E
K

τ
τ                                                 (2) 

where ∆E stands for energy difference E(Ri)-E(Ri
0), with Ri

0
 representing nuclei equilibrium coordinates 

and Ri being such nuclei coordinates, that 

                                                          f(Ri) = τ                                           (3) 

The key idea behind the definition of RFCs in Eq. (2) is indicated by a subscript ‘∆E = min’. To clarify its 

meaning, we note that Eq. (3) imposes only one constraint on 3N Cartesian coordinates of N atoms in the 

molecule, so that there remain 3N–1 independent scalar variables (‘free parameters’) qi, i = 1…3N–1, on 

which the energy depends in addition to being a function of τ. Thus, the energy E (or its increment ∆E) 

itself is, generally speaking, not a single-valued function of τ unless some additional condition controls 

the way in which the parameters qi change ‘in response to’ the change of τ. The condition suggested by 

the definition of RFCs is such that for any given value of τ the parameters qi should be chosen in a way 

that allows to minimize (or ‘relax’) the energy, and this is the condition described by the subscript ‘∆E = 

min’ in Eq. (2). Under this condition the energy becomes a single-valued function of τ and its first, 

second, and higher-order derivatives become well-defined quantities. It can be easily deduced from this 

description that the force constant obtained in the suggested way is the lowest possible force constant 

compared to arbitrary force constants obtained with any other additional constraint (i.e., with the values of 

qi others than defined above). For more detailed description of the methodology and its implementation, 

see previous studies.14,16 

Whereas RFCs provide information about ‘static’ properties of molecules, vibrational root-mean-square 

(VRMS) deviations of conformational parameters allow for understanding some ‘dynamical’ features. It 

is known that even at the temperature of 0K the nuclei of molecules are involved in quantum zero-point 

motions. Therefore, values of conformational parameters are essentially non-stationary. At higher 

temperatures the motion of nuclei gets even greater. The VRMS deviations for conformational parameters 

have been defined as 
22 ττσ τ −= . For methodology of calculation of VRMS deviations, see refs. 

14 and 87. 

 

3 RESULTS AND DISCUSSION 

3.1 Energetic preferences and structural features of modified 2´-deoxyribonucleotide-5´-

monophosphates (dNs). The study of energetic preferences of dNs is essential for understanding the 

effects of the sugar modifications. Moreover, the knowledge of intrinsic energetic properties of dNs as 

building blocks of the DNA molecule is of paramount importance for a rational design of novel nucleic 

acid structures containing modified units. These artificial DNA structures can have beneficial potential 
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applications in various areas ranging from analytical chemistry to molecular therapeutics.54-63 To 

characterize intrinsic energetic properties of dNs we used two main characteristics – relative electronic 

(∆E) and vibration-corrected energies (∆G, T = 298 K, hereafter called Gibbs energies according to 

specification in the Gaussian package) of AI and BI conformers obtained for the structures optimized in 

vacuo. For evaluation of a possible impact of the aqueous environment on equilibrium between AI and BI 

conformational states, the relative electronic energies of these conformers, ∆ECPCM, were estimated 

(without geometry re-optimization, vide infra) by using the CPCM78 model for water. Although we are 

aware of the limitations of continuum solvent models for analyzing biomolecules in solution,88 this 

approach can serve as an initial step towards understanding a possible influence of the environment on 

intrinsic energetic properties of dNs. It should be noted, however, that energetic analysis was applied only 

to the systems which are able to adopt both AI and BI conformers. Therefore, in case of modifications 

from 1 to 5 (Fig. 1, Table S1) the relative energies were not estimated since the presence of a double bond 

inside the deoxyribose ring makes it almost planar and thus, it is not possible to distinguish between AI 

and BI conformers for these types of the sugar modification.  

The first studied group of deoxyribose modifications, UNS (unsaturated, modifications from 1 to 

6, Fig. 1, Table S1) consists of dNs containing either the endocyclic C2'=C3' double bond inside the 

deoxyribose residue (modifications 1-5, Fig. 1) or an exocyclic double bond at the position C4' 

(unsaturated dNs with the sugar modification 6 which can be abbreviated as UNS-6-dNs, Fig. 1). 

Nucleosides with the sugar residue 1 are known to possess potent antiviral and antitumoral properties89 

and have been studied previously by various theoretical methods.55,56,90,91 The modifications 2-4 differ 

from 1 by the presence of exocyclic fluorine atoms at the positions 2' (UNS-2-dNs), 3' (UNS-3-dNs), or 4' 

(UNS-4-dNs where the O4' atom is replaced by CF2 group75). In contrast, in UNS-5-dNs the O4' atom is 

substituted by CH2 group. The conformational analysis of dNs with the sugar residue 1-5 leads to the 

following conclusions: 1) The modifications 2 and 3 have a marginal effect on the conformational 

parameters (Fig. 1, Table S1) relative to UNS-1-dNs. However, the substitution of a carbon atom for the 

O4' oxygen in UNS-4-5-dNs leads to a simultaneous rise of the β angle which is getting closer to 180º and 

the glycosidic torsion angle χ that approaches high-anti conformational region (~ -90º).1 In the crystal 

structures of the BI DNA the mean value of the β angle, 176º,92 is similar to the values in UNS-4-5-dNs). 

The sugar ring in UNS-1-5-dNs is almost totally planar, consequently, the pseudorotation phase angle P 

(Fig. S2) can, in principle, take any value and is not considered as a distinct conformational parameter. 

As regards UNS-6-dNs with an exocyclic double bond, they are able, like canonical (CAN) 

nucleotides, to adopt both AI and BI conformations (Table S1). From the energetic point of view, the 

modification 6 results in an additional stabilization of BI conformers relative AI ones (Table S1). This can 

be seen from the comparison of electronic energies and Gibbs energies in vacuo (∆EVAC and ∆G) of AI 
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and BI conformers and electronic energies in aqueous solution (∆ECPCM) for UNS-6-dNs and CAN-dNs. In 

case of UNS-6-dNs the BI conformers are more stable than AI structures both in vacuo and water 

environment, thus, the inclusion of an implicit solvation model does not reverse the relative stability of 

these two conformational states contrary to CAN-dNs (Table S1).  

The next group of modifications, LOC (locked), contains only a single type of the sugar residue, 7 

(Fig. 1), occurring in locked nucleic acids (LNA).53 Due to the extra bridge connecting the O2' and C4´ 

atoms that 'locks' the ribose in the North (C3'-endo) conformation, 7-dNs are not capable of adopting BI 

conformations. In this regard, only AI conformers of 7-dNs were analyzed (Table S1). The χ and δ angles 

are more uniformly distributed in LOC-7-dNs compared to CAN-dNs, which is not surprising, taking into 

account structural constraints resulting from the presence of an extra bridge in the sugar fragment. 

Overall, there is a nice structural compatibility between LOC-7-dN and AI conformers of CAN-dNs.  

The third group, HET (heterocyclic), includes two types of the sugar residue, 8 and 9, containing 

at the 3'-position nitrogen and sulfur atoms, respectively (Fig. 1). The analysis of energetic characteristics 

of HET-8-dNs shows a surprisingly strong stabilization of AI relative to BI conformers both in vacuo and 

in aqueous medium (Figs. 2 and 3, Table S1). In particular, the respective values of ∆G (Fig. 2) and 

∆ECPCM (Fig. 3) for BI conformers are by 4.18÷5.69 kcal/mol and 4.10÷5.02 kcal/mol higher than for AI 

structures. On the contrary, for HET-9-dNs the energy gaps between AI and BI conformers are rather 

small (within 1 kcal/mol). Despite this fact, both ∆G and ∆ECPCM manifest the same trend (for purine 

nucleotides dA-HET-9-dN and dG HET-9-dN the BI conformations are slightly preferred both in vacuo 

and in solution whereas the opposite situation is observed for pyrimidine nucleotides dC-HET-9-dN and 

dT-HET-9-dN). Regarding the structural features, the values of conformational angles are very similar in 

HET-8-dNs, HET-9-dNs, and CAN-dNs. However, analogously to compounds 1-5, these modifications 

can be used only as 3’-terminal residues. 
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Fig. 2. Relative Gibbs energies (in kcal/mol) for dNs with selected sugar modifications (8, 10, 11, 13, and 

14) including four canonical nucleobases (adenine, guanine, thymine and cytosine). Data for 

modifications 10, 11 and 13 are taken from ref. 75.  

 

Fig. 3. Relative electronic energies (in kcal/mol) in water estimated by CPCM model78 for dNs with 

selected sugar modifications (8, 10, 11, 13, and 14) including four canonical nucleobases. 
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The last group of the sugar modifications, FLR (fluorinated) contains dNs incorporating fluorine atoms at 

various positions of the sugar residue (Fig. 1) such as 2'-α (modification 10), 2'-β (11) and simultaneous 

fluorination at both 2'-α and 2'-β positions (12). The modification 13 (Fig. 1) consists in the replacement 

of O4' by the CF2 group that was suggested to be isopolar and isosteric to oxygen atom.93 It should be 

remarked that modifications 10-13 were studied and discussed in our previous work75 and therefore will 

be mentioned here just briefly. Whereas the modifications 10-12 were studied earlier in various 

experimental and theoretical works (see, e.g., refs. 60-62 and refs. therein), the O4'→CF2 substitution 

(modification 13) in nucleic-acid constituents was suggested and studied for the first time in our research 

group.75  In particular, it was shown75 that FLR-13-dNs (Fig. 1) can be considered as promising building 

blocks for designing artificial nucleic acids due to their intrinsic propensity to favor BI conformation as 

well as due to the substantial increase in the glycosidic bond strengths compared to those for natural 

nucleotides. In this work, we suggest a new modification, 14 (Fig. 1), combining both fluorination at the 

2'-α position and the O4'→CF2 substitution. Since both these modifications were shown75 to yield a 

noticeable stabilization of BI conformations relative to AI ones and significant increase in glycosidic 

bond strength, it is reasonable to expect that their combination will magnify these two effects. 

As shown in ref. 75, the modifications 10 and 13 give rise to an additional energetic stabilization 

of BI conformers relative to AI conformations compared to CAN-dNs as evidenced by analysis of relative 

electronic energy in vacuum and Gibbs energy values (Table S1, Fig. 2). In this regard, it would be 

interesting to know whether the solvent effects can shift the equilibrium between BI and AI forms. 

Indeed, in case of FLR-10-dNs the inclusion of the implicit solvent model reduces the energy gaps 

between BI and AI conformational states as suggested by ∆ECPCM values (Figs. 2 and 3). In Gua-FLR-10-

dN the energetic order between AI and BI is reversed, i.e. the AI structure becomes more stable. On the 

contrary, the analysis of the ∆ECPCM values for FLR-13-dNs suggests that like in the gas phase75, the BI 

conformers in solution are expected to be much more energetically favorable than AI structures.  

For dNs with the sugar residues 11 and 12, it was demonstrated75 that AI conformations are more 

stable compared to their BI counterparts. One of the possible reasons for energetic destabilization of BI 

conformers is associated with the repulsive O...F intra-sugar interactions between the O5' oxygen and 

fluorine atom at the 2'-β position. As evidenced by the electron density topological analysis based on 

Quantum Theory of Atoms in Molecules (QTAIM)94, these steric interactions arise only in BI (C2'-endo) 

conformers.75 The energetic trend is preserved in solution as follows from the comparison of ∆ECPCM 

energies with the ∆G and  ∆EVAC values calculated in vacuo (Figs. 2 and 3, Table S1).  

Finally, we investigate here a new modification 14 combining fluorination at the 2'-β position and 

the O4'→CF2 substitution. Since both these modifications lead to stabilization of BI-form conformers, it 

Page 14 of 34Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



can be assumed that in FLR-14-dNs this stabilization will be stronger, i.e. the energy gaps between BI and 

AI structures will rise. Indeed, both in vacuo and in-solvent energies (Figs. 2 and 3, Table S1) confirm 

this assumption.  

From a conformational point of view, the sugar-ring pucker in AI and BI conformers of FLR-14-

dNs is slightly shifted from C3'-endo and C2'-endo conformations to C2'-exo and C3'-exo, respectively. 

This is also true for FLR-13-dNs as described previously.75 However, since the pucker still remains in 

South (AI) and North (BI) regions, this shift should not affect the compatibility of modified nucleotides 

with the natural ones and should not induce any steric penalties upon incorporation of FLR-13-dNs or 

FLR-14-dNs units into AI and BI DNA structures. 

Finally, for some selected modifications (8, 10, 11, 13, and 14) we applied another continuum 

solvent model – SMD, which has been recently developed by Marenich, Cramer, and Truhlar.95 This 

allowed comparing two alternative approaches – CPCM and SMD in evaluating possible energetic 

consequences of the sugar residue modification (Fig. 3 and Fig. S3 in ESI). As a result, two models 

provide the same energetic trends for selected modifications. The most substantial difference between 

CPCM and SMD approaches is observed for FLR-10-dNs: the AI and BI conformers of Ade-FLR-10-dN 

and Thy-FLR-10-dN become energetically quasi-degenerate, when the SMD model is applied (Fig. S3 in 

ESI). 

 

 3.2 The investigation of intrinsic strengths of glycosidic bonds in dNs using Relaxed Force 

Constants (RFC) methodology. We start analyzing mechanical properties of dNs by applying the 

Grunenberg's relaxed force constants (RFC) formalism83-85 to evaluation of intrinsic strengths of 

glycosidic bonds. This methodology proved to be efficient in establishing strengths of both covalent96,97 

and non-covalent55,84,98 bonds. 

The strength of glycosidic bond represents one of the crucial characteristics that determine the 

general stability not only of single dNs units but also of the whole DNA/RNA structures containing these 

units. For instance, the likelihood of abasic lesions in nucleic acids resulting in appearance of 

apurinic/apyrimidinic (AP) sites is, together with other factors, related to intrinsic strength of glycosidic 

bonds. In our previous work,75 we applied RFC methodology for estimating the kinetic stability of 

glycosidic bonds in fluorinated dNs with the sugar modifications 10, 11, 12, and 13 (Fig. 1). Note that all 

these modifications yield substantially stronger glycosidic bonds75 compared to CAN-dNs (Fig. 4). 

Among these modifications, the greatest increase in ∆RFC was observed for FLR-13-dNs with the 

O4'→CF2 substitution. Thus, it can be predicted that FLR-14-dNs combining both O4'→CF2 replacement 

(modification 13) and fluorination at the 2'-α-position (modification 10), will lead to the strongest 

glycosidic bonds. It turned out that dNs with the sugar residue 14 (Fig. 1) are characterized by the greatest 
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values of RFC (463-485 N·m-1) not only in the FLR group, but also among all compounds studied in this 

work. Fig. 4 displays the relative changes in RFC (∆RFC) in selected modified dNs with respect to their 

canonical counterparts. Clearly, FLR-14-dNs (Fig. 4) show the greatest ∆RFC values ranging from 43.4 

N·m-1 (BI conformation of the Cyt-FLR-14-dN molecule) to 87.7 N·m-1 (AI conformer of Thy-FLR-14-

dN). 

 

 

Fig. 4. Relative changes in Relaxed Force Constant (RFC) values, ∆RFC (in N·m-1), for glycosidic bond 

in AI and BI conformers of modified dNs compared to their canonical (unmodified) counterparts. The 

data for modifications 10, 11, 12, and 13 are taken from ref. 75. The positive ∆RFC values suggest that 

the studied sugar modifications (Fig. 1) result in glycosidic bond strengthening.  

 

In the UNS group, the dNs with the sugar 1 containing the C2'=C3' double bond (Fig. 1) have 

RFC mean value of 387.5 N·m-1 that lies between the mean values of AI (374.8 N/m) and BI (425.8 N/m) 

conformers of CAN-dNs. As expected, fluorination at different positions (UNS-2-4-dNs), and especially 

the O4'→CF2 substitution (modification 4) substantially enhances the glycosidic bond compared to UNS-

1-dNs (Table S1).  On the contrary, the modification 6 including an external C=C double bond at the 4'-

position enhances glycosidic bonds only in AI conformers (relative to Can-dNs), but has no effect on BI 

structures.  
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In the locked nucleotides (LOC-dNs, modification 7, Fig. 1), which are able to adopt only the AI 

conformation, the average value of RFC for glycosidic bonds (391.1 N/m) exceeds the respective value 

for AI conformers of CAN-dNs (374.8 N/m). Therefore, this modification is efficient in strengthening 

these bonds in A-DNA.  

Finally, both modifications 8 and 9 (HET subgroup) (Fig. 1) give rise to reinforcement of 

glycosidic bonds (Fig. 4, Table S1). However, this effect is more pronounced for HET-9-dNs (Fig. 4) 

containing a sulfur heteroatom at the 3'-position of deoxyribose ring.  

To sum up, the analysis of the Grunenberg's force constants leads us to conclude that all the 

modifications studied in this work, except modification 6 (BI conformers), result in some strengthening of 

glycosidic bonds relative to canonical nucleotides, and therefore can be efficiently used for designing 

nucleic-acid-based systems (only for units with available 5’-/3’-OH groups or as 3’-terminal residues) 

with increased resistance to abasic lesions. The most significant reinforcement of the glycosidic bonds 

occurs for systems with the sugar 14 (Fig. 1), containing the CF2 group at the position 4' and the 2'-α-F 

atom. 

 

 3.3 Mechanical properties (relaxed force constants and vibrational root-mean-square deviations) of 

conformational angles in dNs and their relation to structural and energetic characteristics. The 

investigation of relaxed force constants for main conformational parameters in dNs (torsion angles α, β, γ, 

δ, and χ and pseudorotational angle P) is essential for understanding and predicting the structural behavior 

of oligonucleotide sequences. Moreover, the information on mechanical properties of dNs, the basic 

nucleic-acid building blocks, can be useful in various areas ranging from force-field development for 

modified nucleic acids100 to design of nucleic-acid-based aptamers and nanodevices with specific 

properties.  

The mechanical properties of some biologically significant conformers of canonical 2'-

deoxyribonucleosides were recently reported by Nikolaienko et al.14 As regards 2´-deoxyribonucleotide-

5´-monophosphates (dNs), the DNA basic building blocks, only limited information is available on the 

flexibility of their conformational degrees of freedom.18 Moreover, the influence of the sugar 

modifications on the intrinsic rigidity of dNs molecules as well as the relationship between the energetic 

preferences and mechanical properties has not been explored yet. For this purpose, we analyze the relaxed 

force constants (RFCs) and vibrational root-mean-square (VRMS) deviations for the major 

conformational parameters in dNs calculated according to the methodology developed in ref. 16.  
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Fig. 5. The scale of relaxed force constants (RFC) for 2´-deoxyribonucleotide-5´-monophosphates (dNs) 

in their AI and BI conformations with the sugar residues 10, 11, and 13 (Fig. 1). The RFC for dNs 

containing each canonical nucleobase (guanine, cytosine, adenine, thymine) are shown separately.  

 

The calculated RFCs for the main conformational parameters in dNs (the α, β, γ, δ, χ, and P 

conformational angles) are shown in Table S1. Fig. 5 displays the distribution of RFC for some selected 

conformational angles (γ, δ, P, and χ) for dNs with the sugar residues 10, 11, and 13 (Fig. 1). Before 

analyzing the influence of chemical modifications on mechanical properties of dNs, we discuss the 

canonical systems, i.e. CAN-dNs. Among various conformational parameters in CAN-dNs, the χ angle 

appeared, as expected, to be the softest one, with RFC (χ) ranging from 3.9 to 12.2 kcal·mol-1·rad-2 (Table 

S1). The three other angles (torsion angles α, β, and pseudorotational angle P) are characterized by similar 

degrees of rigidity, with RFCs falling into the ~8 to ~20 kcal·mol-1·rad-2 interval (the smallest RFCs of ~8 

kcal·mol-1·rad-2 correspond to BI conformers of CAN-dNs with adenine and guanine bases).  
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Finally, the γ and δ angles are characterized by the highest RFC values of 32.4÷39.0 and 

26.3÷43.6 kcal·mol-1·rad-2, respectively (Table S1). In the previous work on 2'-deoxyribonucleosides14 

substantially smaller RFC values were reported for β (~ 1÷5 kcal·mol-1·rad-2) and γ (~  17÷ 27 kcal·mol-

1·rad-2) angles. As assumed, our results indicate that the presence of a phosphate group in dNs (this group 

is absent in 2'-deoxyribonucleosides) imparts an additional rigidity to the β and γ angles.  

 

Fig. 6. The scale of vibrational root-mean-square (VRMS) deviations at T = 298K for dNs with the sugar 

residues 10, 11, and 13 (for structures, see Fig. 1). The VRMS deviations for dNs containing each 

canonical nucleobase (guanine, cytosine, adenine, thymine) are shown separately. 

 

In addition to RFCs, vibrational root-mean-square (VRMS) deviations for the conformational 

parameters were investigated at two temperatures, T = 0 K and T = 298 K. These deviations occur since 
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in any real molecule atomic nuclei are not fixed, and participate in quantum zero-point and thermal 

motions. Clearly, the greatest VRMS deviations are observed for the softest conformational parameters 

(Figs. 6 and S4, Table S2). For instance, for the pseudorotational phase angle P, the VRMS deviation at T 

= 298 K (from 11.5° to 15.7°) is comparable with a half-width (18°) of a C2'-endo or C3'-endo 

conformational range.  

Taking into account the mechanical properties of CAN-dNs, we now start exploring the effects of 

various sugar modifications on intrinsic flexibility of dNs. In the UNS (unsaturated) group of dNs (Fig. 1), 

the UNS-6-dNs with a C4'=C double bond deserve a special attention, since as expected this modification 

noticeably increases the rigidity of the sugar ring. This fact is evident from analyzing the RFC values for 

δ and P angles. For instance, the RFCs(P) for UNS-6-dNs lie within the 19.3÷31.6 kcal·mol-1·rad-2 range, 

i.e. are perceptibly greater than RFCs(P) for respective CAN-dNs (vide supra). The enhanced sugar-ring 

rigidity upon the O4'→C=CH2 substitution is also evident from analysis of energetic data (Table S1) for 

UNS-6-dNs. Compared to CAN-dNs, the energy differences between BI and AI conformers augment both 

in vacuo and in water solution (CPCM78 model) data. Moreover, ∆EVAC, ∆G, and ∆ECPCM manifest the 

same trend, thus, the solvent effects do not reverse the BI/AI energetic order as in case of CAN-dNs. This 

serves an additional evidence of the elevated rigidity of the deoxyribose cycle.  

In the next group, LOC (locked) containing only a single sugar type (modification 7, Fig. 1), we 

should also point to very large values of RFC(δ) and RFC(P), which is not surprising, since these 

molecules are covalently 'locked' in the AI conformation. Conversely, RFC(γ) are smaller in LOC-7-dNs 

(26.6÷33.1 kcal·mol-1·rad-2) than in AI conformations of CAN-dNs. Therefore, this modification makes 

the γ angle more flexible.  

In the HET (heterocyclic) group, the HET-9-dNs containing a sulfur atom at the 3'-position of the 

sugar ring, possess interesting mechanical characteristics. The values of RFC (χ) and RFC (P) in these 

compounds strongly vary with the type of attached nucleobase (adenine, guanine, cytosine, or thymine) 

and the sugar conformation (AI or BI). This can be explained by the fact that the sulfur atom is bulkier 

and more polarizable than carbon, thus, it can be involved in the intramolecular interactions between the 

base and sugar. In particular, the QTAIM analysis94 performed on these structures (Table S3 in ESI) 

indicates that the S atom in the HET-9-dNs can be involved in pseudo-hydrogen bonds C8H (purine dNs) 

/ C6H (pyrimidine dNs) ... S.  These non-covalent interactions affect the degree of flexibility of the sugar 

residue, and since their strengths are strongly dependent on conformation and the type of the attached 

nucleobase, the RFC (χ) and RFC (P) noticeably vary from one structure to another.  

The last group, FLR (fluorinated), includes dNs with the sugar residues from 10 to 14 (Fig. 1). 

The mechanical properties of fluorinated dNs are tightly connected with their energetic preferences. As 

mentioned above, modifications 10, 13, and 14 stabilize the BI sugar conformation, i.e. decrease the 
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relative energies of BI structures in AI-BI pairs as compared with CAN-dNs. However, the extent of 

stabilization of BI conformers rises in the order FLR-10-dNs < FLR-13-dNs < FLR-14-dNs (Figs. 2 and 

3). Since the AI and BI forms differ only in the type of sugar pucker (C2'-endo in BI and C3'-endo in AI) 

which is determined by the values of P and δ angles, it is expected that in all three classes of dNs, the 

RFC(P) and RFC(δ) should augment relative to those for their canonical counterparts, and the changes in 

RFCs should be in the order ∆RFC10 (δ or P) < ∆RFC13 (δ or P) < ∆RFC14 (δ or P). Indeed, this is true 

(Table S1, Fig. 5) and the greatest RFC (δ or P) values and the lowest VRMS deviations (Figs. 6 and S4) 

are observed for BI conformers of dNs with the sugar residues 13 and 14. In case of FLR-10-dNs the 

∆RFC10 (δ or P) values are smaller, therefore, the solvent effects may reverse the BI/AI energetic order as 

can be seen for Gua-FLR-10-dN (Figs. 2 and 3, Table S1). However, in FLR-13-dNs and FLR-14-dNs, 

the RFC(δ) and RFC(P) are high enough (Fig. 5) and, consequently, the same energetic trends are 

observed for modifications 13 and 14 in vacuum and in implicit solvent (Figs. 2 and 3).  

Finally, modifications 11 and 12 (Fig. 1) lead to destabilization of BI form, therefore, AI 

conformers of FLR-11-dNs and FLR-12-dNs are more stable in vacuum and in implicit solvent. This 

destabilization, possibly caused by 2'-β-F...O5' repulsive interactions (vide supra), is reflected in very 

small values of RFC(δ) and RFC(P) for BI conformers of FLR-11-dNs and FLR-12-dNs (Fig. 5 and Table 

S1) and very large VRMS deviations. For BI conformer of the dC-FLR-11-dN nucleotide (Fig. 6 and 

Table S1) the VRMS at T = 298 K for P angle is equal to 39.1°, exceeding the width (36°) of the C2'-endo 

conformational sector. In other words, this conformer is dynamically unstable at T = 298 K, and can 

convert to another conformer with a different sugar pucker as a result of zero-point and thermal motions. 

It should be also noted that in FLR-11-dNs and FLR-12-dNs the RFC are decreased for α and β angles as 

compared to CAN-dNs. However, the ∆RFC for the above-mentioned angles (P, δ, α, and β) are smaller in 

case of FLR-12-dNs (Fig. 5, Table S1) since the presence of a second fluorine in the 2'-α-position of these 

molecules (Fig. 1) imparts an additional stability to BI conformers despite the 2'-β-F...O5' destabilizing 

interactions. 

In addition, for all the studied systems we noticed a very remarkable feature: there is a 

relationship between RFC(δ) for AI and BI conformers and their relative electronic energies in vacuo, 

∆EVAC. In all the cases, higher RFC(δ) values calculated for AI or BI conformers of a particular 

nucleotide correspond to ∆EVAC = 0 kcal/mol (Table S1). In other words, in a pair of structures (AI and 

BI) it is possible to predict which conformation is more stable by analyzing RFC(δ), since this 

conformation is characterized by higher value of RFC(δ). In most of cases (with some exceptions) this is 

also true for other energetic characteristics, ∆G and ∆ECPCM. However, ∆G is temperature-dependent and 

includes thermal and entropic effects, whereas ∆ECPCM reflects the possible influence of the solvent. 
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Therefore, it is logical that the best correlation is observed between RFC(δ) and ∆EVAC since both 

quantities characterize intrinsic properties of a stationary molecule. 

To sum up, for the first time the mechanical properties of dNs were comprehensively described 

and characterized, and the possible influence of various sugar modifications on the rigidity of these 

molecules was investigated. As a result, the mechanical characteristics of dNs were found to be tightly 

related to their conformational and energetic features.  

 

 

4 CONCLUSIONS  

The design of novel building blocks of nucleic acids with some desired properties (e.g., ability to 

favor a particular conformation and form specific supramolecular structures, modified flexibility of the 

sugar-phosphate residue) represents one of the most promising and important current trends in NA 

chemistry, medicine, and biotechnology.59 This work is a continuation of our previous research75,101-105 

devoted to in silico design of novel building blocks for nucleic acid duplexes and quadruplexes with 

potential applications in various areas ranging from analytical chemistry to bio- and nanotechnology.  

Here we investigate for the first time the intrinsic mechanical flexibility of the 2´-

deoxyribonucleotide-5´-monophosphates (dNs) and find the relation between mechanical properties of 

dNs, on the one hand, and their energetic and conformational characteristics, on the other hand. In 

addition to canonical dNs (CAN-dNs) in the biologically significant AI- and BI-form DNA-like 

conformations, we comprehensively explored the effects of fourteen sugar modifications (Fig. 1) on the 

energetic and conformational behavior of dNs, as well as on the flexibility of the main conformational 

parameters. 

First, it was established that most of the studied modifications strongly shift the equilibrium 

between AI-form and BI-form DNA-like conformations either to the former or the later arrangement. This 

tendency was also preserved in aqueous solution modeled by CPCM solvent model78 although we are 

aware of the limitations of this approach. The propensity of modified dNs to strongly favor either BI or 

AI conformation can have beneficial applications, for instance, in analytical chemistry, since a selective 

incorporation of these units into nucleic-acid duplexes/quadruplexes should reduce their structural 

polymorphism in solution.  

Second, it was shown that most of the studied sugar modifications benefit from an increased 

stability of a glycosidic bond as evidenced by relaxed force constants analysis,83-85 and can therefore be 

used for designing modified nucleic acids with a higher resistance to abasic lesions. The most significant 

reinforcement of the glycosidic bonds occurs in case of systems with the sugar 14 (Fig. 1), containing the 

CF2 group instead of the O4' oxygen and the fluorine atom at the 2'-α-position.  
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Third, a strong relation between mechanical characteristics (relaxed force constants and 

vibrational root-mean-square deviations of the conformational degrees of freedom) of dNs and their 

conformational and energetic features was found. Most notably, the relative stability (estimated by 

electronic energy in vacuo, ∆EVAC) of AI and BI conformers of a particular nucleotide is closely 

connected with the values of relaxed force constants (RFC) for the δ angle: the higher RFC(δ) values 

correspond to more stable conformers. 

Finally, the knowledge of force constants for the main conformational parameters can be used in 

development and refinement of force fields for modeling modified nucleic acids at the larger scale in the 

presence of an explicit solvent. One of the crucial requirements to the force field parameters obtained for 

building blocks (such as nucleotides) is their transferability to higher-order structures, i.e. 

oligonucleotides and nucleic acids structures. We assume that in larger systems RFC for the main 

conformation parameters should somewhat increase due to a higher structural rigidity imposed by intra- 

and inter-strand interactions. The solvent molecules interacting with the polar sites (e.g. phosphate and 

terminal hydroxyl groups) within the sugar residue can also affect the values of RFC for torsion angles. In 

principle, these effects should not yield significant changes in the RFC values relative to those for single 

nucleotides, and therefore, these parameters can be transferable to the larger systems. However, this 

assumption should be tested on larger DNA fragments. 
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